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Abstract 
 
 Soil contamination is a predominant issue today in China. Recently, different remedies 
have been implemented to effectively immobilize contaminants, such as heavy metals, from soil. 
This project studied the efficiency of phosphate in fish bones (agent A) and aluminosilicate in 
clay (agent B) to immobilize cadmium, chromium, copper, lead, and zinc in a heavily 
contaminated sample of yellow-brown soil from the Hetao region of Inner Mongolia, China. The 
heavy metals found in samples of soil were sequentially extracted and analyzed by atomic 
absorption spectroscopy. Results showed that both samples had the most significant 
immobilization fraction during the first two weeks of treatment, and that agent A was best to treat 
chromium and zinc, while agent B was favorable to treat cadmium, copper, and lead. 
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Executive Summary 
 
Soil is the key element in agriculture, and steps to prevent and remediate contamination 
are critical to human and ecosystem health. However, in recent years, due to the extended use of 
fertilizers and pesticides, increased industrial and mining pollution, continued poor management 
of wastes, and increased air pollutant emissions, soil health has become progressively more 
endangered. Soils are the endpoint of these sources of pollution, especially heavy metals. 
Although most of the heavy metal substances are present in the environment at low levels, they 
can be dangerous if that concentration should increase. Carcinogenic diseases, such as kidney 
and lung cancer, can result from the indigestion and/or inhalation of heavy metals. As to the 
ecosystem, a high concentration of heavy metals in the soil results in crop reduction, and 
consequently, the eradication of plant species.  
The most popular methods to amend high concentrations of heavy metals in soils are: soil 
washing, phytoremediation, and immobilization (or chemical passivation). Soil washing involves 
the excavation and physical wash of the soil with chemicals, such as surfactants, co-solvents, 
cyclodextrins, chelating agents, and organic acids. Phytoremediation involves using specific 
vegetation and agronomic techniques to remove and stabilize heavy metal contaminants. 
However, both of these procedures can be costly due to high excavation and machinery costs. 
Soil washing is also tremendously time consuming, and phytoremediation is heavily dependent 
on soil conditions. Conversely, immobilization is relatively fast, easily applicable and low cost 
(Wauna, 2011). 
 The immobilization technique uses both organic and inorganic amendments to provide a 
shielding effect over heavy metals, constricting their mobility and chemical interaction with 
other compounds in the soil. The most popular amendments are: clay, cement, zeolites, minerals, 
phosphates, organic compost, and microbes (Finzgar, 2006). In research conducted in Shanghai 
Jiao Tong University, School of Environmental Science and Engineering, the amendments 
chosen to treat a heavily contaminated soil from the Inner Mongolia region of China were a 
phosphate-based agent derived from the powder of oven-dried fish bones (agent A) and an 
aluminosilicate-based mix of clays (agent B). 
Each of the immobilizing agents were used to treat 20 grams of contaminated soil over a 
time period of 6 weeks. After each week, 1 gram on treated soil was analyzed through sequential 
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extraction and atomic absorption. The sequential extraction procedure for speciation fractions 
involved four different steps: exchangeable, reducible, oxidisable, and residual. The 
exchangeable step uses a strong acid to remove all the loosen heavy metals in the soil sample. 
Next, the reducible steps are used to remove heavy metals bound to iron and manganese oxides, 
which are present in the soil sample. The oxidisable step serves to remove heavy metals bounded 
to organic matter, such as living organisms, detritus, coatings on minerals particles, etc. Lastly, 
the residual step involves a mixture of strong acids to completely break the matrixes of the 
remaining compounds to which heavy metals might be bound. After each step, a sample of each 
week’s treated soils was taken. This resulted in 48 samples for agents A and B, plus an additional 
4 samples from the blank experiments. 
The results were separated by type of heavy metal analyzed during the atomic absorption, 
which was performed by Thermo Electron Corporation Solar in Shanghai. Stacker column 
graphs were used to analyze the amount of the specific heavy metal in each of the samples. 
Afterwards, the concentration of heavy metals in the samples was compared to the concentration 
of heavy metals in the blank sample. Both agent A and agent B immobilized a more significant 
fraction of the heavy metals in the sample during weeks 1 and 2. It was observed that after week 
2 the immobilizers lost immobilizing or shielding strength. Comparing the two agents against 
each other; the phosphate-based immobilizer (agent A) was more effective for treating chromium 
and zinc, while the aluminosilicate-based immobilizer (agent B) was more effective for treating 
cadmium, copper, and lead. In conclusion, the treatment agents were most efficient during the 
first two weeks of treatment and the aluminosilicate-based agent, which consisted of a mixture of 
clays, was overall more effective in treating the majority of the heavy metals found in the soil 
sample (See Figure 1). 
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Figure 1: Immobilization Comparison between Immobilizing Agents 
 
 
For further research it is important to study the effects of increasing the treatment dosage 
to an amount larger than 0.5% of the weight total of the soil sample. An increase in dosage 
hypothetically could result in higher immobilizing fractions. Additionally, some of the results 
revealed that the week 6 samples also showed significant immobilizing fractions. Therefore, it is 
recommended that further research study the immobilizing efficiencies for a longer period of 
time, in search of a possible equilibrium. Lastly, each experiment should be executed in at least 
triplicates, so that outliers can be identified, and more accurate results can be determined with 
usable error bars. 
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Introduction 
 
 
Soil is a key element to the continuance of ecological processes and overall global 
development. In recent years, due to growing industries, disposing malpractice of synthetic 
products, atmospheric deposition, and excessive use of fertilizers, the accumulation of heavy 
metals in soil has increased (Khan, 2008). The most common hazardous metals found in 
contaminated soil today include copper (Cu), lead (Pb), zinc (Zn), chromium (Cr), and cadmium 
(Cd) (GWRTAC, 1997). Through inhalation and indirect ingestion (i.e., crops) these metals pose 
a threat to human health. Most common risks associated with these metals include impaired 
development, mental deterioration, allergic dermatitis, osteomalacia, and kidney malfunction. 
Additionally, these metals are responsible for decreasing crop production and fauna quality, due 
to bioaccumulation and biomagnification, which negatively affects crop revenues and the 
environment (Wauna, 2011).  
Isolation, toxicity reduction, physical separation, extraction, and immobilization are 
different approaches to amend contaminated soils. For this study, the immobilizing technique 
was chosen based on the approach to remediate heavy metal contaminated soils (GWRTAC, 
1997). This technique can be in situ or ex situ, depending on the ecological risk and excavation 
efforts. In the case of ex situ, where the soil must be removed from its original location for 
treatment elsewhere, it has easy applicability and relatively quick treatability. However, this 
technique can be invasive to the environment and can generate significant amounts of solid 
wastes (Wood, 1997). In situ immobilization on the other hand does not involve excavation, is 
simple, fast, inexpensive, noninvasive, and produces small amounts of waste (Martin, 2004).  
Conversely, the in situ technique is not permanent and can only be applied to the surface layer of 
the soils, 30-50 cm (USEPA, 1997). 
In situ immobilization is generally favored over ex situ, due to lower costs and energy 
requirements (USEPA, 1992). This favored type of immobilization can be usually carried by two 
different methods: vitrification and solidification/stabilization, also known as passivation. In situ 
vitrification consists of melting contaminants in the soil through the use of electric currents. Such 
methods can treat approximately 1000 tons of contaminated soil and are effective at depths of six 
meters (Buelt, 1992). However, it highly depends on the soil humidity (for ideal conductance), as 
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well as a relative low percentage of alkali compounds in the soil, which weakens the 
conductance of current (Buelt, 1992).  
An alternate approach to in situ immobilization is solidification/stabilization (S/S), also 
known as passivation; which involves the addition of chemical agents to the soil to impair 
contaminants, thereby reducing the bioavailability of the contaminants, such as trace metals 
(USEPA, 1990). This approach hardly provides uniform mixing of treatment soils, but due to its 
low cost, low labor and energy intensity characteristics, it became the newly esteemed 
remediation technique among heavy metal in situ treatments (USEPA, 1990).  
As in situ passivation has attracted more and more attention in the field of environmental 
science and engineering, it is important to maximize the efficiency of treatment as much as 
possible. The parameters that help determine efficiencies of such treatment include: physical and 
chemical characteristics of the passivation agent, dosage of passivation agent, temperature, pH, 
time, and soil moisture levels. Consequently, by determining efficient procedures, contaminated 
soils can ultimately be treated in less time and with significantly fewer funds. However, most of 
the immobilization efforts today, are mostly focused on a laboratory scale and some of the 
immobilizers used can be very costly when it comes to real world applications. In the Shanghai 
Jiao Tong University, efforts are being made towards developing an amendment that is easily 
available, and can immobilize heavy metal contaminated soils in a reasonable time period. The 
specific objectives of the project was to compare the immobilization efficiencies between two 
agents, which are commonly found in the environment, and determined what fraction can they 
immobilize in a specific time period. 
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Background 
 
 
This chapter will discuss the implications of soil contamination by heavy metals and the 
types of treatments available. Heavy metal contaminated soils pose a serious risk to human 
health, as agriculture becomes the medium of contaminant transportation. However, efficient and 
inexpensive treatments of such soils are still being developed. Some of the most common metals 
found in contaminated soils include: cadmium (Cd), chromium (Cr), copper (Cu), lead (Pb), and 
zinc (Zn). 
 
Soil Types 
 
Soils can be classified into two different characteristic groups: physical and chemical. 
Physical characteristics include: color, bulk density, shear strength, permeability, and texture. 
Chemical characteristics, on the other hand, include: nutrient content, cation exchange capacity, 
and acidity. 
Physical Characteristics 
 
The color characteristic serves to identify different types of soil, and its one of the most 
useful attributes in quick differentiation. Decades ago, the color of soil samples were determined 
through visual comparison of soil against standard color charts, such as the Munsell Soil Color 
Chart shown in Figure 2 (ASTM, 1980). 
However, considering the margin for error in visual assessments today, soil color is 
determined by laboratory equipment, such as diffuse reflectance spectrophotometers, which 
convert tristimulus values to any specific color perceived by human eyes (Torrent, 1993). 
Generally, these colors are defined as white, pinkish white, pink, light gray, pinkish gray, gray, 
light brown, reddish brown, brown, strong brown, dark brown, very dark brown, dark gray, very 
dark gray, and black (See Figure 2). 
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Bulk density is another important characteristic in determining soil types. Soil bulk 
density is a measurement of soil compactness, and is recognized as one of the factors most 
responsible for reducing crop production (Lestarinindsih, 2013). Most often, the measurement of 
soil bulk density involves the use of a fixed volume apparatus, such as a volumetric cylinder or a 
rectangular box (See Figure 3). These apparatuses are used to remove sample sections of soils, 
and then transported to a laboratory, where the dry weight of the soil samples is measured, and 
the bulk density is calculated by using Equation 1, where Wds is the weight of the oven dried soil 
in grams (g), and Vap is the inner volume of the apparatus in cubic centimeters (cm3). 
(Equation 1) 𝐵𝑢𝑙𝑘  𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =𝑊!"𝑉!"  
 
Figure 2: Munsell Soil Color Chart (Munsell, 1975) 
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High bulk density leads to reductions in crop production due to the high compaction of 
the soil that henceforth restricts root growth. High and unfit bulk density values for crop 
production are considered to be greater than 1.5 g/cm3 for clayey soil, greater than 1.7 g/cm3 for 
silty soil, and greater than 1.8 g/cm3 for sandy soil (Arshad, 1996). Unfit soils are in practice a 
result of high disturbances (i.e. consistent plowing and traffic) and the burning or removal of 
crop residue from the soil (Doran, 1996). 
 
 
 
 
 
Shear strength is defined as the stress strength that a material can sustain. In soil, shear 
strength represents the lateral pressure on earth retaining structures, slope stability, and bearing 
capacity. In other words, shear strength is its resistance to shearing stresses (Das, 2013). Scaling 
down, shear strength is determined through the understanding of soil particle interactions. Most 
often, shear failure occurs when particles slide or roll past each other, causing foundations to 
becomes unstable, and consequently collapse (Dras, 2013).  
Figure 3: Soil bulk density measuring apparatus (Grossman, 2002) 
Figure 4: Examples of shear strength failure. Foundation failure by liquefaction. 
Niigata, Japan in 1964 (LEFT) (Rothe, 1969).   
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Soil shear strength derives from two sources: cohesion and frictional resistance. Cohesion 
is the force that cement particles of soil together, also known as the electrostatic attraction 
between particles, which is stress independent. Frictional resistance is the measure of the shear 
strength caused by frictional forces (Das, 2013).  
Shear strength parameters are determined by performing two types of soil tests: direct 
shear test and tri-axial shear test. Direct shear test involves placing a specific amount of a soil 
sample into a metals box, which splits horizontally into two halves causing soil failure. 
Alternatively, tri-axial shear test consists of placing a soil specimen into a cylinder under 
controlled drainage conditions and applying stress in the vertical and perpendicular direction to 
the sides of the cylinder. Additionally, a confined medium such as oil or water is used to create 
the pressures applied to the sample (Das, 2013). Figure 5 illustrates the inner workings of the 
direct shear test and tri-axial shear test apparatuses. 
Soil permeability is important in relation to contaminants. Easily permeable soil allows 
easy penetration and transportation of contaminants. This allows underground reservoirs to be 
easily contaminated. However, easily permeable soils are also advantageous in terms of 
remediation because of the impaired flow of the decontaminant agent. This is because soil 
Figure 5: Shear test apparatus - Direct shear test (LEFT), Tri-axial shear test (RIGHT) 
(Dekker, 1991).	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permeability is the measure of fluid movement through a porous media (Ferreira, 2007). 
Generally, soil permeability plays an important role in the field of geotechnical 
engineering. The knowledge of a soil’s permeability can help estimate quantities of underground 
water, and solve pumping and excavation problems. The analysis of a soil’s permeability 
provides stability predictions about earth retaining walls subject to seepage forces (Das, 2013). A 
permeameter is a device used to measure the permeability of different soils, as seen in Figure 6.  
The apparatus is operated with a hydraulic constant-head and for a pre-determined period 
of time. Altogether the parameters obtained from the apparatus, such as constant-head difference 
(h), area of specimen (A), volume of water collected (Q) for a certain time (t), and height of the 
specimen (L), can help determine the hydraulic conductivity (k) in units of displacement over 
time. The hydraulic conductivity equation, (as seen in Equation 2), demonstrates the relationship 
between the parameters. 
(Equation 2) 𝑘 = 𝑄𝐿𝐴ℎ𝑡 
  
In geotechnical engineering soil permeability is most often measured in centimeters per 
second (cm/s). In hydrogeology, permeability is measured in units of Meinzer, which stands for 
Figure 6: The Permeameter device (Coduto, 1999).	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gallons per day per squared feet (gal/day/ft2). In petroleum engineering, permeability is measured 
is Darcy, which is equivalent to 1 cubic centimeter of fluid with a viscosity value of 1 centipose 
over 1 second, at a pressure change of 1 atmosphere unit, over 1 centimeter of porous medium, 
with 1 squared centimeter of cross-sectional area.  
The texture of soil represents a method to identify surficial deposit from the parent 
material (such as clay, silt, and sand). This contributes to the characterization of the permeability 
and porosity of a material (Jackson, 1959). Often soil texture is used to estimate soil properties 
when no other direct measurements are available (Rustomji, 2001). Texture is determined by 
simply performing a particle size analysis. This methodology involves transferring a specific 
amount of sample soil into a uniform cylinder, where water is added and mixed with the sample. 
Over varying periods of time, different size particles will settle in layers dependent on the weight 
of the particle. Sand, being the heavier particle than silt and clay, will settle first, then silt and 
clay, respectively (Whiting, 2005). Figure 7 exemplifies a soil sample with its three distinct 
layers. 
Based on the U.S. Department of Agriculture, soil can be categorized into 12 textural 
classes. Each class is identified by a specific percentage array of sand, clay, and silt. Figure 8 
demonstrates the 12 different textural classes. 
Silt 
 
Clay 
 
Sand 
 
 
Figure 7: Soil textural sample - 62% sand, 35% silt, and 3% 
clay.	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Chemical Characteristics 
 
The most common nutrients found today in soil include nitrogen, phosphorus, and 
potassium. These three nutrients are essential for proper crop growth. Henceforth, they are the 
most commonly found nutrients in fertilizers. However, a soil that contains reasonable amounts 
of such nutrients is more likely designated for crop production, rather than urban development. 
Therefore, nutrient content is an important aspect for the characterization of soil (Wang, 2012). 
Soil can be chemically characterized by the predominantly present nutrients. The most 
readily available method to test for existent nutrients is exchangeable procedures, which are then 
introduced to spectrometers (Loch, 2006). These soil nutrients are held on electrically to changed 
Figure 8: Soil Textural Classes (Nature Resource Conservation Service, U.S. Department 
of Agriculture)	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soil particles surfaces. The positively charged ions of the nutrients are known as cations, and 
when they are found in solutions with water, they tend to move to and from the aqueous solution. 
This phenomenon is called cation exchange (Loch, 2006). 
The ability for soil particles to hold on to cations is known as cation exchange capacity, 
and it is a suitable measure of soil fertility. High cation exchange capacity soils have more 
negatively charged sites, which can attract cations. As most nutrients are present in the form of 
cations, their retention through soil help the development of crops, which are known to 
constantly need nutrients (McKenzie, 2004). 
Lastly, soil can be chemically measured and classified by their natural acidity or basicity, 
known as soil pH. This governing variable in soil controls multiple chemical processes that 
occur. Acidity in soil derives from the high presence of hydroniums (H+), and it primarily occurs 
in areas where there are frequent rainfalls. This occurs due to the leaching of basic cations form 
the soil (Sparks, 2003). Inversely, basicity in soil occurs when high concentrations of basic 
cations, such as K+, Ca2+, Na+ and Mg2+ are present. These cations derive from soluble salts or 
areas with limestone (Brady, 2010). 
Scientists and agriculture experts have defined the optimal pH of soil for most plants to 
be between 5.5 and 7.0. However, some plants might require more acidic or basic soil for 
adequate growth, depending on the plant’s favorable nutrients. Some soil might have all the 
nutrients necessary for adequate plant growth, but it could be limited to those nutrients if the pH 
is not favorable to the plant. If the plant can chemically breakdown the nutrients to a form that 
can be untaken by the plant, then issues with nutrient deficiency will be mitigated (Albrecht, 
1938). The pH of soil is generally measured with a pH meter soaked in a mixture of the sample 
with deionized water or calcium chloride (Albrecht, 1938). With this methodology a pattern can 
be determine about the different acidities of soil in the world (see Figure 9). 
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Soil Contamination with Heavy Metals 
 
 
Soil contamination occurs for number of reasons. The major sources of heavy metals that 
end up displaced in soil include: fertilizers, pesticides, wastewater, metal mining, industrial 
wastes, air-borne sources, bio-solids and manure (Wauna, 2011). Moreover, the concentration of 
these metals remains consistent for long periods of time after introduction (Adriano, 2003). 
Man’s high development activities collide with nature’s slow occurring cycles. Therefore, 
at the rate that metals are extracted, processed, distributed, and then disposed; the concentrations, 
as well as the level of toxicity, and exposure exponentially increases, raising risks on humans, 
animals, and the environment (D’Amore, 2005). 
The use of fertilizers is an eminent problem, as large amounts of fertilizers are added to 
the soil to provide appropriate amounts of potassium, nitrogen, and phosphorus, which are 
essential to crop growth. However, trace amounts of heavy metals such as cadmium and lead, are 
present in compounds that supply these macronutrients (Jones, 1981). Hence, these heavy metals 
accumulate over time, until reaching toxic levels, which could contaminate entire crop 
productions. 
Similarly, pesticides are extensively used in agriculture and many of these insecticides 
and fungicides are based on compounds that contain copper, mercury, manganese, lead, and zinc 
 
Figure 9: Soil pH of different areas of the World (IGBP-DIS, 1998). 
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(Jones, 1981). The overuse of these chemicals can cause concentration of heavy metals to be 
high and cause potential problems for future agriculture development. However, unlike 
fertilizers, contaminated soil due to extensive use of pesticides is more localized and more easily 
identifiable in restricted areas (McLaughlin, 2000). 
Bio-solids, manures, and wastewater are utilized for agriculture all around the world. 
However, when introduced into soil, they inadvertently cause the accumulation of heavy metals 
such as lead, cadmium, chromium, copper, nickel, and zinc (Basta, 2005). The explanation 
behind the origin of heavy metals in livestock manure and wastewater seepage is due to metal 
inclusive diets that stimulate rapid growth on livestock and metal-based chemicals and bi-
products introduced directly in sewage and industrials systems, respectively (Sumner, 2000). 
Metal mining and industrial wastes pose the biggest threat towards soil contamination, as 
soil near ore mining and large industrial sites, are more subject to accidental spills containing 
hazardous heavy metals. Ultimately the soil becomes near untreatable due to such high 
concentrations of metals and can pose, not only risk to human health, but to the environment as 
well (DeVolder, 2003). 
Soil contamination by air-borne means is most common around highly populated areas 
and industrial areas. Heavy metals are emitted into the atmosphere, which subsequently convert 
to oxides, condense, and fall in nearby soil (Smith, 1995). Altogether, soil can be contaminated 
by many different means, but in efforts to treat such soil, the contaminants must first be 
identified and analyzed for higher efficiency levels of treatment. 
 
Heavy Metals 
 
Some of the most common heavy metals in contaminated soil include: cadmium, 
chromium, copper, lead, and zinc.  
 
Cadmium 
 
 The most significant use of cadmium (Cd), a heavy metal with the atomic number 48, is 
in Ni/Cd batteries because of its ability to provide high output, long life, and low maintenance 
for users. The element is located at the second row of transition elements and contains an atomic 
weight of 112.3, density of 8.65 g cm-3, melting point of 320.9°C, and boiling point of 765°C. 
Cadmium is known as one of the big three heavy metals that contain poisonous contents 
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(including Pb and Hg). It is believed that Cadmium attains its toxic characteristics from its 
chemical similarity to zinc (Zn), an essential micronutrient for plants and animals. Substituting 
Zn for Cd may cause malfunctioned metabolic processes (Campbell, 2006). 
 Cadmium’s toxicity has led researchers to evaluate whether or not the element should be 
used to fertilize crops. It has been determined that consumption of cadmium effects enzymes 
within the body. More specifically, this element prevents certain enzymes found within the 
kidneys from reabsorbing proteins found in the kidney tubules. Considering this, avoiding using 
this toxic element in products meant to be proximately located to crops is highly suggested 
(Weggler, 2004). 
 
 
Chromium 
 
Chromium (Cr) is an element that does not occur naturally in its elemental form. In fact, 
it is only found in chromium compounds such as mineral chromite, FeCr2O4. Chromium is a 
transition metal of group VIB. It has an atomic number of 24, an atomic mass of 52, a density of 
7.19 g cm-3, a melting point of 1875°C, and a boiling point of 2665°C. Chromium is most 
commonly used in metal alloys and pigments for paint, cement, paper, and rubber materials 
(Manahan, 2003). Chromate and dichromate are two compounds that contain major Cr (VI) 
species and are absorbed on soil surfaces. Furthermore, Cr (VI) is known to be the more toxic 
form of chromium as well as the most mobile form. The chromium mobility is based on sorption 
characteristics of the soil. Clay content, iron oxide content, and organic matter amounts, all affect 
sorption characteristics of the soil. Soluble and un-absorbed chromium compounds leaches from 
the soil into the groundwater. Increases in soil pH causes increases in leachability for Cr (VI). 
Therefore, monitoring chromium levels and pH levels within the soil is imperative as research 
indicates consumption of chromium is associated with allergic dermatitis diagnosed in humans 
(Chrostowski, 1991). 
 
Copper 
 
Copper (Cu) is a transition metal that is the third most used metal in the world after steel 
and aluminum. It has an atomic number of 29, an atomic weight of 63.5, a density of 8.96 g cm-3, 
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a melting point of 1083°C, and a boiling point of 2595°C. Although copper is an essential 
micronutrient for both plant and animal growth, high doses of this metal can be detrimental 
(Manahan, 2003). Copper helps produce blood hemoglobin for humans. In plants, copper assists 
with seed production, disease resistance, and water regulation. But, in high doses, copper can 
cause anemia, liver damage, kidney damage, and stomach and intestinal irritation. Cu is normally 
found in drinking water because of Cu pipes and additives that are added to the water to prevent 
algal growth (Martinez, 2000). Research shows that most Cu in the environment is stable and 
does not cause any concerning risk to the environment. Unfortunately though, copper’s solubility 
drastically increases at pH 5.5, which is very close to the ideal farmland pH of 6.0-6.5. If copper 
levels are too high within the soil, this can have a potentially negative impact on human health. 
Therefore, it is crucial for food importers to apply acceptable maximum contents of copper in 
order to prevent the possibility of health risks (Davies, 1988). 
 
 
Lead 
 
Lead (Pb) is a naturally occurring, bluish-grey metal, often found combined with other 
elements in earth’s crust. Lead has an atomic number of 82, an atomic mass of 207.2, a density of 
11.4 g cm-3, a melting point of 327.4°C, and a boiling point of 1725°C. Due to its elemental 
characteristics, lead is ranked fifth in industrial production of metals, following iron, copper, 
aluminum, and zinc. Pb is most commonly used to manufacture storage batteries, but is also used 
for solders, bearings, cable covers, ammunition, plumbing, pigments, and caulking (Manahan, 
2003). 
There are five general forms of Pb which are most commonly found released into soil, 
ground water, and surface waters: lead oxides, hydroxides, lead-metal oxyanion, Pb(II), and ionic 
lead. The most stable forms of these five lead compounds are Pb(II) and lead-hydroxyl 
complexes. Along with these inorganic compounds of lead, it is also developed into organolead 
compounds, which can have toxic and negative environmental effects. An example of a toxic 
organolead compound is tetraethyl lead, which was formerly used as a gasoline additive. The 
accumulation of lead through inhalation or ingestion causes lead poisoning (USDHHS, 1999). 
Effects of lead poisoning include impaired development in children, loss of memory in adults, 
nausea, insomnia, anorexia, joint weakness, and possibly death. Furthermore, research indicates 
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that the most serious sources of exposure to lead have been found through contaminated soil. If 
lead concentrations are higher than 300 ppm, the risk of lead poisoning through the food chain 
increases. Therefore, regulation of lead concentrations in soil used for cultivation is crucial to 
prevent any health issues for humans (Raskin, 2000). 
 
Zinc 
 
Zinc (Zn) is a transition metal on the periodic table. It has an atomic number of 30, an 
atomic mass of 65.4, a density of 7.14 g cm-3, a melting point of 419.5°C, and a boiling point of 
906°C. This metal occurs naturally in soil but industrial activities such as mining, coal 
combustion, waste combustion, and steel processing have caused increased levels of Zn 
(Manahan, 2003). Drinking water has some concentrations of Zn, but when this drinking water is 
stored in metal containers, these levels of Zn tend to increase. Zn is known as an essential 
element for human health but high concentrations of this element can cause health problems, 
which have become a consequence of industrial activities. When water is polluted with Zn, it 
may increase the acidity of the water. Fish living in this acidic environment cause 
biomagnification up the food chain. Research shows that water-soluble zinc has been found in 
contaminating groundwater as well. Unfortunately, an increase in soil Zn concentration deters 
microorganisms and earthworms from breaking down organic matter, which can cause 
agricultural issues. Observing industrial activity is imperative to prevent any more increases in 
Zn concentrations that may disrupt the environmental functionality (Greany, 2005).  
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Remediation of Contaminants in Soil 
 
The ultimate goal of soil remediation is to protect human and environmental health for a 
long period of time. Remediation itself is based on human health quality and ecological risks 
involved with contaminants in the soil. Therefore, when remediating a soil, the most direct 
means are those that reduce the bioavailability of the contaminant. However, there must be a 
direct correlation between the reduction of the bioavailability and the reduction of health and 
environmental risks (Martin, 2004). For the case of heavy metals, reducing or removing the 
bioavailability of the metals in the soil does lower both human and ecological risk. 
 Before the remediation of any soil, information about the type and level of 
contamination should be acquired for a proper determination of remediation. Additionally, 
desired levels of each heavy metal in the soil should be determined, as well as a site-specific risk 
assessment (Martin, 2004).  
Currently, several technologies are available for the specific remediation of heavy metals 
in soil. The most common tools are soil washing, phytoremediation, and immobilization. These 
three techniques are the best-demonstrated available technologies for remediation of heavy-metal 
contamination (USEPA, 2007). 
 
 
Soil Washing 
 
Soil washing is described as a methodology to soil contaminates, such as heavy metals. 
The primary purpose of soil remediation is to extract these hazardous metals while maintaining 
natural soil properties. This goal has limited the choice of extractants commonly used during the 
cleaning process. During soil washing, the contaminants are removed from the soil by aqueous 
solutions of remediating chemicals or by separation of the contaminant host particles from the 
bulk soil. Alternatively, both approaches can be combined. After extraction, these separated 
contaminants are sent to hazardous waste landfill sites to mitigate potential health and safety 
risks (Martin, 2004). 
Physical soil washing uses standard mineral processing equipment (commonly used in 
the mining industry). This equipment uses differences between particle grain size, settling 
velocity, specific gravity, surface chemical behavior, and rarely magnetic properties in order to 
separate the contaminants from the contaminant-free soil (Dermont, 2008). 
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Chemical soil washing uses solutions in order to extract heavy metal contaminants from 
the soil. For low concentrations of cations, water alone will suffice to clean the soil from 
hazardous contaminants. In cases where high contaminant concentrations exist, chemical agents, 
such as acids, alkalis, complexants, other solvents, and surfactants, are added to the washing 
water. The process concludes by separating the clean soil from the aqueous solution (Davis, 
1995).  
The two most widespread contaminant removal methods are acid and chelator soil 
washing. Soil washing begins with the in situ technique where a washing solution is used for soil 
flushing as it forces through the on-site soil matrix. The process then continues with its ex situ 
extraction of heavy metals through soil reactors, and completes the process with soil leaching. 
Regulations have been established to adhere to risk assessments for heavy metal contaminations 
(Yu, 1994). 
Due to the absence of formal and standardized criteria for contaminated soil levels, 
approaches have been developed on a case-by-case basis dependent on the agent and metal type, 
as in Table 1. 
 
 
Table 1: Soil washing investigations for heavy metals (Abumaizer, 1999). 
 
  
        Soil washing investigations for heavy metals 
Soil Washing Method Agents Metal 
Concentration 
(mg/kg) 
Removal 
(%) Reference 
Artificially 
contaminated Column Na2S2O5 
Pb 204 61 Abumaizar 
and Khan Zn 79 94 
Artificially 
contaminated Column 
HCl 
Pb 
500-600 85 Reed et al. 
EDTA 100 
CaCl2 78 
Contaminated 
soil Batch 
EDTA, NTA and citric 
acid plus reducing 
reagents: sodium 
borohydride, Na2S2O5 
and thiourea dioxide 
Pb 21-560 99 Peters et al. 
Cu 1241 99 
Zn 3729 97 
Artificially 
contaminated Batch 
HCl 
Pb 
10-1000 65-100 Cline and 
Reed EDTA 60-100 
CH3COOH   
CaCl2 0-85 
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Artificially 
contaminated Column 
NaOCl 
Zn 
4450 38-81 Davis and 
Singh Diethylenetriamine 
pentaacetic acid (ADTPA) 
Tetrasodium EDTA 
Contaminated 
soil Batch 
S-carboxymethyl-cysteine 
(SCMC) Cd 2 80-100 
Chen et al. 
N-2-
acetamidiomindiacetic 
acid (ADA) 
Cu 5   
Pyridine-2,6-dicarboxylic 
acid (PDA) 
Pb 100   
Ni 6   
Bank 
sediment Batch Na2EDTA 
Cu 970 55 Jianzhen 
and Klarup Zn 2500 32 
Contaminated 
soil Batch EDTA Pb 350 95 
Allen and 
Chen 
Contaminated 
soil Batch 
HCl Pb 1000 90 Cline et al. 
EDTA      
Contaminated 
soil Batch EDTA Pb 1509-51  100 85-97 
Evangelista 
and Zownir 
  
 
Phytoremediation 
 
Phytoremediation is a vegetative remediation and in situ remediation where vegetation, 
microbiota, soil amendments, and agronomic techniques are used. These metal-accumulating 
plants are used to remove, contain, or stabilize the soil contaminants. Although success of 
phytoremediation is dependent on the growing conditions needed by the plant, this remedy is 
energy efficient, aesthetically pleasing, and compatible with other soil cleaning methods 
(Cunningham, 1996). Phytoremediation avoids excavation and any risk derived from 
transportation of contaminated media. Unfortunately, phytoremediation is still in its testing 
stages, which has prevented a widespread use of this soil remediation technique. However, thus 
far, testing of this new technology has brought positive results for several types of contaminants, 
which encourages scientists to believe this remedy can be used in the future in full-scale 
applications. The three types of phytoremediation techniques are phytoextraction 
(phytoaccumulation), phytostabilization, and phytofiltration (Garbisu, 2001). 
  Phytoextraction (Phytoaccumulation) 
 
Phytoextraction is the phytoremediation technique where plant roots uptake the metal 
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contaminants from the soil and contain them within their above soil tissues.  These plants are 
heavy-metal tolerant, rapid growing, high bioaccumulation factor, and high metal-accumulating 
ability in the foliar parts (Jadia, 2008). The plants used also have a profuse root system which 
makes this green remediation technology so appealing. There are two types of approaches to 
phytoextraction; continuous (natural) phytoextraction or chemically enhanced phytoextraction 
(Ghosh, 2005). 
Continuous phytoextraction uses hyperaccumulators in order to extract the heavy-metal 
contaminants from the soil. These hyperaccumulators can handle nearly 100-fold greater metal 
absorption than a nonaccumulator plant. Some of the plant families that are able to 
hyperaccumulate metals are Brassicaceae, Fabaceae, Euphorbiaceae, Asterraceae, Lamiaceae, 
and Scrophulariaceae (Baker, 1989). Table 2 indicates some metal hyperaccumulating plants. 
 
Table 2: Metal Hyperaccumulating Plants (Scragg, 2006) 
 
Plant Metal Concentration (mg kg-1) 
Dicotyledons 
Cystus ladnifer 
Cd 209 
Co 2667 
Cr 2667 
Ni 4164 
Zn 7695 
Thlaspi caerulescens Cd 10000-15000 
Zn 10000-15000 
Arabidopsis halleri 
 Cd 5900-31000 
Alyssum sp. Ni 4200-24400 
Brassica junica Pb 10000-15000 
Zn 2600 
Betula Zn 528 
Grasses 
Vetiveria zizaniodes 
Paspalum notatum 
Stenotaphrum secundatum 
Pennisetum glaucum 
Zn 0.03 
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Although the metal hyperaccumulating plants have their advantages, the plants tend to be 
slow growing, produce low biomass, and need years to decontaminate plant sites. Therefore, 
chemically enhanced phytoextraction, or chelate-assisted phytoextraction, was developed. 
Chemically enhanced phytoextraction is generally a more cost-effective alternative to traditional 
phytoextraction of metals. In chelate-assisted phytoextraction, the chelate agent is applied to the 
soil, which causes metal chelate complexes to form and get absorbed by the plants. Chelators are 
often isolated from plants that are heavily involved with detoxification of heavy-metals 
contaminants through uptake (Brooks, 1998). 
 Phytoextraction often requires repeated cropping of plants until heavy-metal 
concentrations are dropped to an acceptable level. The below equations are used in order to 
evaluate the efficiency of phytoextraction is detailed below. The three equations are the 
bioaccumulation factor, f, amount of metal extracted, M (mg/kg plant), and phytoremediation 
time, tp (year), where plants are cropped n times per year. Assumptions of this equation are that 
metal contamination occurs only in the active rooting zone (top soil layer at 0-20 cm) and soil 
bulk density is at 1.3 t/m3 (Zhuang, 2005). 
(Equation 3) 
𝑓 = 𝑀𝑒𝑡𝑎𝑙  𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛  𝑖𝑛  𝑝𝑙𝑎𝑛𝑡  𝑠ℎ𝑜𝑜𝑡𝑀𝑒𝑡𝑎𝑙  𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛  𝑖𝑛  𝑠𝑜𝑖𝑙  
(Equation 4) 
𝑀   𝑚𝑔𝑘𝑔 𝑝𝑙𝑎𝑛𝑡 = 𝑀𝑒𝑡𝑎𝑙  𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛  𝑖𝑛  𝑝𝑙𝑎𝑛𝑡  𝑡𝑖𝑠𝑠𝑢𝑒 ∗ 𝑆𝑜𝑖𝑙  𝑀𝑎𝑠𝑠 
(Equation 5) 
𝑡! 𝑦𝑒𝑎𝑟 = 𝑀𝑒𝑡𝑎𝑙  𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛  𝑖𝑛  𝑠𝑜𝑖𝑙  𝑛𝑒𝑒𝑑𝑒𝑑  𝑡𝑜  𝑑𝑒𝑐𝑟𝑒𝑎𝑠𝑒 ∗ 𝑆𝑜𝑖𝑙  𝑚𝑎𝑠𝑠𝑀𝑒𝑡𝑎𝑙  𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛  𝑖𝑛  𝑝𝑙𝑎𝑛𝑡  𝑠ℎ𝑜𝑜𝑡 ∗ 𝑃𝑙𝑎𝑛𝑡  𝑠ℎ𝑜𝑜𝑡  𝑏𝑖𝑜𝑚𝑎𝑠𝑠 ∗ 𝑛 
The major challenge in increasing widespread use of phytoextraction has been issues with 
disposal of the contaminated biomass. This has become an issue because the biomass needs to be 
stored, disposed, or utilized in a manner that will pose minimal environmental and health risks. 
Often combining this biomass with clean biomass to formulate fertilizers or fodder can mitigate 
the high concentrations of heavy metals found within phytoextracted biomass. Overall, 
phytoextraction appears to be a very promising technology as it removes potentially risky metal 
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pollutants from the environment (Newman, 1997). 
 
  Phytostabilization 
 
Phytostabilization, the second type of phytoremediation, uses plants in order to 
immobilize soil sediment and sludge. Phytostabilization is often used to extract Pb, As, Cd, Cr, 
Cu, and Zn. The metal contaminants are absorbed onto the plant roots or precipitated into the 
rhizosphere. This type of phytoextraction prevents any heavy-metal translocation into ground 
water or air mitigating risk of contaminants spreading through the food chain. 
Phytostabilization’s main advantage is its ability to rapidly immobilize metal contaminants and 
preserve ground water and surface water. Along with this, Phytostabilization does not require any 
disposal of hazardous material/biomass to prevent environmental risks (USEPA, 2000).  
 
  Phytofiltration 
 
Phytofiltration uses plants roots (rhizofiltration) or seedlings (blastofiltration) in order to 
absorb metal contaminants from ground water and aqueous-waste streams rather than 
remediating polluted soil (Garbisu, 2001). The heavy metal contaminants are either absorbed by 
the root surface or by the plant roots. Unlike phytoextraction, the plants are not planted in situ 
until the plants have been acclimated to the pollutant first. Initially, the plant is planted in clean 
water, rather than soil, until the plant root system has fully developed. Once a large root system 
has developed, the clean water is substituted for polluted water until the plant becomes 
acclimated to the new conditions. Once acclimated to the new environment, they are finally 
planted in the polluted soil to remove the heavy-metal contaminants. After the roots have become 
fully saturated with contaminant, they are harvest and safely disposed of. This process is 
repeated until concentrations of the metal contaminants have reached an acceptable level 
(Scragg, 2006). 
 
Immobilization 
 
Immobilization uses in situ and ex situ techniques in order to remediate the metal-
contaminated soil. Ex situ techniques are used in highly contaminated soil, which may cause 
greater ecological risk. The immobilization technique uses both organic and inorganic 
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amendments to increase the rate of contaminant diminution in the soil (USEPA, 1997). The 
commonly used amendments are clay, cement, zeolites, minerals, phosphates, organic composts, 
and microbes. Most immobilization techniques can be performed in situ or ex situ, depending on 
the site conditions. In situ techniques are often preferred due to decreased labor and energy costs 
(Finzgar, 2006). Ideal efficacy of immobilization can be evaluated if the value of E and the value 
of P are high, with the following formulas:  
 
(Equation 6) 𝐸 % = (𝑀! −𝑀!)/𝑀! ∗ 100 
 
             (Equation 7) 𝑃 = ( 𝑀! −𝑀! ∗ 𝑉)/𝑚 
 
Where E is the efficiency of the immobilization agent; P represents the capacity of the 
immobilization agent; Me is the equilibrium extractable concentration of single metal in the 
immobilized soil (mg  L−1); Mo is the initial extractable concentration of single metal in pre-
immobilized soil (mg  L−1); V, the volume of metal salt solution (mg  L−1); and m weight of 
immobilization agent (g) (Jang, 1998). There are two types of immobilization techniques: 
solidification/stabilization and vitrification. 
 
Solidification/Stabilization 
 
Solidification/Stabilization (S/S) technology initially mixes or injects the contaminated 
soil with the treatment agents. Solidification uses binding agents to attach to contaminated 
material and reduce access by external agents through combinations of chemical reaction, 
encapsulation, and reduced permeability.  Stabilization adds reagents to the contaminated 
material and produces chemically stable components. Therefore S/S technology achieves an 
ecologically safe material by combining appropriate amounts of binder/stabilizer and water 
(Evanko, 1997).  Inorganic binders (Table 3), such as clay (bentonite and kaolinite), cement, fly 
ash, blast furnace slag, calcium carbonate, Fe/Mn oxides, charcoal, zeolite, and organic 
stabilizers (Table 4) such as bitumen, composts, and manures, or a combination of organic-
inorganic amendments may be used. Contaminating metals are most frequently immobilized in 
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soil through precipitation of hydroxides within the solid matrix (Shively, 1986).  
 
Table 2: Organic amendments of heavy metal immobilization (Guo, 2006) 
 
 
 
 
 
Table 3: Inorganic amendments for heavy metal immobilization (Guo, 2006) 
 
 
 
The application of S/S technology can be inhibited or affected due to chemical 
composition. At times, the contaminated material is pretreated to separate rocks and debris, and 
dry the material. This pretreatment, such as air stripping and incineration, helps remove the 
Material Heavy Metal Immobilized 
Bark saw dust (from timber industry) Cd, Pb, Hg, Cu 
Xylogen (from paper mill wastewater) Zn, Pb, Hg 
Chitosan (from crab meat canning industry) Cd, Cr, Hg 
Bagasse (from sugar cane) Pb 
Poultry manure (from poultry farm) Cu, Pb, Zn, Cd 
Cattle manure (from cattle farm) Cd 
Rice hulls (from rice processing) Cd, Cr, Pb 
Sewage sludge Cd 
Leaves Cr, Cd 
Straw Cd, Cr, Pb 
Material Heavy Metal Immobilized 
Lime (from lime factory) Cd, Cu, Ni, Pb, Zn 
Phosphate salt (from fertilizer plant) Pb, Zn, Cu, Cd 
Hydroxyapatite (from phosphorite) Zn, Pb, Cu, Cd 
Fly ash (from thermal power plant) Cd, Pb, Cu, Zn, Cr 
Slag (from thermal power plant) Cd, Pb, Zn, Cr 
Ca-montmorillonite (mineral) Zn, Pb 
Portland cement (from cement plant)  
 
Cr, Cu, Zn, Pb 
Bentonite Pb 
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organic vapors to prepare the material for S/S technology. If the organics, especially volatile 
organics, are not stripped, they may prevent the S/S technology from properly working. In ideal 
conditions, organic binders remediate the contaminated metal using polymer microencapsulation. 
S/S technology effectiveness can also be hindered by amount of water present and/or ambient 
temperature. Any of these factors can inhibit the binding agents from properly bonding to the 
waste, impeding the mixture setting, lowering the matrix stability, and reducing the solidified 
area’s strength (Smith, 1995).  
 
Vitrification 
 
Vitrification is not a classical immobilization technique but it may be performed in situ or 
ex situ. Vitrification uses high temperatures to form vitreous material, such as oxide solid, to 
decrease the mobility of metal contaminants. This process often destroys organic or volatile 
organic contaminants, which is why vitrification can be used for a wide variety of inorganic and 
organic metal species. Vitrified material can also be recycled and used clean fill, aggregate, or 
other reusable material (USEPA, 1992). 
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Methodology 
In the Shanghai Jiao Tong University, efforts are being made towards developing an 
amendment that is easily available, and can immobilize heavy metal contaminated soils in a 
reasonable time period. The specific objectives of the project was to compare the immobilization 
efficiencies between immobilizing agents, which are commonly found in the environment, and 
determined what fraction can they immobilize in a specific time period. 
For this project 2 different immobilizing agents were studied over the period of 6 weeks. 
Agent A was a phosphate-based reagent derived from fish bones, and Agent B was an 
aluminosilicate-based reagent derived from clay. The analysis procedure used to determine the 
effectiveness of the immobilizing agents was BCR’s (Rauret et al., 1999) modified by Zhang Hui 
(Shanghai Jiao Tong University, 2013). 
 
Sample & Amending Agents Descriptions 
 
 
By performing a simple physical characteristic test, the soil was determined to be sandy 
loam, due to its 62%-35%-3% constitution of sand, silt and clay, respectively. This specific 
sample of soil is commonly known in China as Yellow-brown soil. The sample was taken from 
the Hetao Area, a famous arsenic pollution area in northern China, and this kind of soil was 
formed by the blunt diluvium of the Yellow River.  
On the agents used in our experiment, they respectively are the powders of fish bone and 
mixed clay, fish bone powder is from the particulate bone of fishes and mixed clay powder is 
from particulate aluminosilicate clays. 
 
Preparation of Samples 
For this experiment, three samples of the same contaminated soil were prepared. The 
blank sample was the first to be prepared by grinding 1 gram of soil and transferring it to a 
beaker. The second sample, also known as Sample A, was prepared by grinding 20 grams of soil, 
transferring it to a beaker, along with 0.5% (wt.) of treating agent A (Phosphate-based reagent) 
and 4-5 milliliters of deionized water. The third sample, also known as Sample B was prepared in 
a similar fashion as Sample A, however 0.5% (wt.) of treating agent B (Silicate-based reagent) 
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was added instead of the 0.5% (wt.) of a phosphate-based reagent. All three samples were mixed 
thoroughly and stored at room temperature (~25˚C). 
Sequential Extraction for Speciation Fractions 
The sequential extraction analysis was divided into four steps: Exchangeable, Reducible, 
Oxidisable, and Residual. The blank sample was analyzed within the first week. Samples A and 
B were analyzed after 1-6 weeks of treatment. Therefore, 4 step fraction analyses for the blank 
sample were performed, and 48 total step analyses for sample A and sample B. Professor Zhang 
Hui of Shnaghai Jiao Tong University developed the used procedures. 
Exchangeable 
 
From each sample, 1 gram was measured and transferred to a centrifuge tube, and mixed 
with 40 milliliters of 0.11M of acetic acid (C2H4O2). The mixture was continuously agitated at 
22±5˚C in a JINGHONG DKZ-2® Low-Temperature shaker for 16 hours. The mixture was then 
placed in an ANKE TDL-40B centrifuge for 20 minutes at 3000 rpm. After the centrifugal 
separation, the liquid solution was removed, transferred to a volumetric flask, and stored at 4˚C 
for further analysis through atomic absorption. 
The residual left on the bottom of the centrifuge tube was mixed with 20 millimeters of 
deionized water and continuously agitated for 15 minutes. The mixture was then placed in a 
centrifuge for 20 minutes at 3000 rpm and the supernatant liquid was discarded, leaving a solid 
residue for the Reducible step. 
 
Reducible 
 
Using the residue from the Exchangeable step, 40 milliliters of 0.5M of hydroxyl-
ammonium chloride (NH2•OH•HCl) were added to the centrifuge tube. The mixture’s pH was 
then adjusted to approximately 1.5 using 68% pure nitric acid (HNO3) and mixing with 
continuous agitation for 16 hours at 22±5˚C in a shaker. The mixture was then placed in a 
centrifuge for 20 minutes at 3000 rpm. After the centrifugal separation, the liquid solution was 
removed, transferred to a volumetric flask, and stored at 4˚C for further analysis through atomic 
absorption. 
The residual left on the bottom of the centrifuge tube was mixed with 20 millimeters of 
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deionized water and continuously agitated for 15 minutes. The mixture was then placed in a 
centrifuge for 20 minutes at 3000 rpm and the supernatant liquid was discarded, leaving a solid 
residue for the Oxidisable step. 
 
Oxidisable 
 
The residue from the Reducible step was mixed with 10 milliliters of 8.8M hydrogen 
peroxide (H2O2), and the pH of the mixture was adjusted to a range approximately between 2.0-
3.0 using 68% pure nitric acid. The mixture was left to react for 1 hour at room temperature 
(~25˚C), and then transferred into a beaker and heated at 85±2˚C until the liquid volume of the 
mixture was less than 3 milliliters.  
Next, another 10 milliliters of 8.8M hydrogen peroxide were added to the mixture and the 
pH was adjusted to approximately 2, using 68% pure nitric acid. The mixture was left to react for 
1 hour at 85±2˚C with occasional agitation until the remaining liquid volume was approximately 
1-2 milliliters. After allowing the mixture to cool down, 50 milliliters of 1.0M ammonium 
acetate (C2H7NO2) was added. The entire mixture was transferred back to a centrifuge tube and 
allowed to react for 16 hours at 22±5˚C with continuous agitation. The mixture was then placed 
in a centrifuge for 20 minutes at 3000 rpm. After the centrifugal separation, the liquid solution 
was removed, transferred to a volumetric flask, and stored at 4˚C for further analysis through 
atomic absorption. 
The residual left on the bottom of the centrifuge tube was mixed with 20 millimeters of 
deionized water and continuously agitated for 15 minutes. The mixture was then placed in a 
centrifuge for 20 minutes at 3000 rpm and the supernatant liquid was discarded, leaving a solid 
residue for the Residual step. 
 
Residual 
For the last step of the sequential extraction, the residue from the Oxidisable step was 
combined with 20 milliliters of 68% pure nitric acid, 8 milliliters of 60% pure perchloric acid 
(HClO4), and 32 milliliters of 40% pure fluoric acid (HF). The mixture was transferred to a 
beaker and heated at 90±2˚C for 6 hours. 120±2˚C for 10 hours, and 190±2˚C for 6 hours. The 
residue was combined with 20 milliliter of 4M hydrochloric acid (HCl) and heated to 70˚C for 1 
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hour. Afterwards, the mixture was diluted in 20 milliliter of 0.3M hydrochloric acid and 
transferred to a volumetric flask. This mixture was then stored at 4˚C for further analysis through 
atomic absorption.  
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Results 
 
All samples produced in the laboratory were sent to Thermo Electron Corporation Solar, 
which determined through Atomic Absorption the concentrations of each heavy metal (Cd, Cr, 
Cu, Pb and Zn) in milligrams per liter for each of the samples. The objective of such was to 
determine the level of immobilization by each of the immobilizing agents. For reference, sample 
A was the fish bone powder and sample B was the mix of clays.  
The analysis was broken down by each heavy metal for a more thorough understanding, 
therefore this sections is divided into 5 subsections: cadmium, chromium, copper, lead and zinc. 
 
Cadmium 
 
 When comparing the results obtained from the blank sample to the rest of the samples, 
which were treated for 6 different amounts of time, significant reduction in concentration can be 
observed during week 1 and 2. Therefore, in this case, the reduction in concentration correlates 
with the factor of immobilization. However, after 3 weeks the concentration returns to around its 
original values of concentration (blank). From Figure 10, it can be observed that the phosphate-
based immobilizer was successful during the first 2 weeks, however it stopped being effective 
after the third week. Thus, agent A has acquired efficiencies as high as 34%, but after the third 
week the shielding effect is negligible for the treatment of cadmium. 
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Figure 10: Cadmium Concentration for Sample A 
 
 Sample B behaved in a similar fashion as sample A. The clay-based immobilizing agent 
was very effective for the first and second week of treatment, whereas after the third week, the 
values of concentrations were similar to those of the blank sample. Therefore, the same can be 
concluded to sample B, as sample A. Additionally for week 2, both sample A and B did not see 
any concentration on the oxidisable step, this could be an error in the experiment, considering 
that each experiment was only run once. 
Figure 11: Cadmium Concentration for Sample B 
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 Analyzing the total immobilization factor of sample A and B against the blank sample, 
both samples did immobilize the cadmium in the soil sample. Hence, the most effective time 
period was during the first two weeks. For week 4 and 5, sample A seems to immobilize a 
negative factor of the concentration of cadmium comparing to blank. However, this could be 
explained by the randomness of the sample taken. 
 From Figure 12, it can be determined that sample B was more effective for the majority 
of the time than sample A; and both samples are more effective during the first two weeks. 
Figure 12: Overall Cadmium Immobilization Analysis 
 
 It is important to consider that each sample was tested once; therefore due to the 
randomness of each sample, the heavy metals in the soils sample may not have been distributed 
in a complete homogeneous fashion. 
 
Chromium 
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observed. Nevertheless, the last week of samples showed once again high efficiency levels. In 
conclusion, the phosphate-based immobilizer was very effective in immobilizing chromium in 
the soil samples. Additionally, the most efficient times of treatment were the first two weeks and 
week six. This can only give rise to the possibility of chemical reactions occurring predominately 
after the second week which impair the shielding effect of the immobilizer. 
 
Figure 13: Chromium Concentration for Sample A 
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Figure 14: Chromium Concentration for Sample B 
 
 
Comparing sample A and B against the blank sample, both immobilizing agents 
immobilized a significant amount of chromium in the soil sample. All samples, with exclusion of 
that from week 3 that was treated with the clay-based agent, immobilized at least 7% of the 
chromium. In conclusion, with sample B the highest efficiency factors were obtained during the 
first two weeks. However, sample A was more stable throughout the 6 weeks in terms of 
immobilization. Additionally, the concentration of the chromium observed during week 3 for 
sample B can be considered an abnormal result, as it was only tested once (See Figure 15). 
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Figure 15: Overall Chromium Immobilization Analysis 
 
 
Copper 
 
 From Figure 16, sample A is most effective for weeks 1, 2 and 6, attaining 
immobilization efficiencies as high as 38%. During week 4, the sample has a higher 
concentration than that of the blank sample, which can be explained by the randomness of the 
sample and the poor homogeneity of the sample. The amounts taken from the oxidisable, 
reducible, and exchangeable steps are quite similar throughout the 6 week, as the residual steps 
contribute to the major changes in concentration. 
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Figure 16: Copper Concentration for Sample A 
 
 
 Similar to sample A, the clay-based agent was most effective during weeks 1, 2 and 6. 
With the first two weeks showing higher immobilization efficiencies. On contrary to sample A, 
weeks 4 and 5 do show that agent B did immobilize a fraction of the copper in the sample, but 
not as significant as the remaining weeks of treatment. Sample B achieved efficiencies has high 
as 61%, and just like sample A the residual extraction steps as the major contributor.  
 Reflecting upon the results so far, for cadmium, chromium, and now copper, week 1 and 
2 show the highest efficiency levels. Thus, both the phosphate-based agent and the clay-based 
agent are most efficient during the first two weeks for heavy metals mentioned. 
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Figure 17: Copper Concentration for Sample B 
 
 
Comparing both sample A and sample B against each other, sample B had a higher 
immobilization efficiency throughout the six weeks of treatment. Sample B, remained 
significantly efficient with exception of week 4 (See Figure 18). As observed before, week 6 
immobilization results yielded significant immobilization efficiencies, due most likely to the end 
of shielding impairment during weeks 3 to 5. 
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Figure 18: Overall Copper Immobilization Analysis 
 
 
Lead 
 
 The concentration of lead in the soil sample was succefully immobilized during the first 
three weeks of treatment. However, weeks 4 and 5 had concentrations of lead higher than that of 
the blank sample. Figure 19, shows that in week 2, the highest immobilization value was 
observed (22%). Additionally, a significant amount of lead was extracted from the reducible step, 
with exception of the residual step (See Figure 19). 
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Figure 19: Lead Concentration for Sample A 
 
 
 The clay-based immobilizing agent showed more promising results for the first two 
weeks than for the remaining of the treatment weeks; with efficiencies as high as 54%. Hence, 
after week 3 the results suggest that the shielding effect of the immobilizer was only significantly 
effective during the first two weeks, and lessened in strength afterwards. Nevertheless, both 
sample A and B, once more contributed to the noticeable trend that shows week 1 and 2 having 
the higher immobilization efficiencies (See Figure 20). 
 
Figure 20: Lead Concentration for Sample B 
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 When comparing the immobilization agents A and B, against each other for lead, sample 
B demonstrated higher efficiencies than sample B. However both agents, showed concentrations 
higher than that of the blank sample for weeks 4 and 5. In conclusion, during weeks 4 and 5, 
neither of the agents had a significant immobilizing effect on the lead concentration, but agent B 
immobilized a further fraction during the first two weeks than agent A, therefore making it the 
favorable treating agent for heavy metals such as lead (See Figure 21). 
Figure 21: Overall Lead Immobilization Analysis 
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momentarily the residual step; this can only be seen as an abnormal results, giving to the fact that 
it contributed to a concentration higher than the blank sample. 
Figure 22: Lead Concentration for Sample A 
 
 
 Sample B was significantly efficient during weeks 1, 2 and 6. This result mirrors those 
previously obtained for the previous analyzed heavy metals. Nevertheless, agent B seemed to 
maintain a stable immobilization throughout the treatment time, with the only exception of week 
5. Similarly to sample A, week 5 has an abnormally large reducible concentration. Giving the 
fact, that this peak in concentration was observed not once but twice, lessens the chance for 
experimental errors. 
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Figure 23: Lead Concentration for Sample B 
 
 
When comparing both agent A and agent B against each other, it is hard to determine 
which one was more effective. Considering that sample B did have higher immobilization 
fractions than sample A, however, it also had the highest concentration of lead in the sample for 
treatment week 5. Nevertheless, sample B was more efficient to immobilize lead in the soil 
samples than sample A, with an ideal treatment time of two weeks (See Figure 24). 
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Figure 24: Overall Zinc Immobilization Analysis 
 
 
When analyzing the entire results for the 6 weeks against the blank results, against he 
blank results, which were acquired during week 0 of testing, sample B seems to be overall a 
better immobilizer for the batch of considered heavy metals, due to the higher immobilizations, 
noticed especially during weeks 1 and 2. Additionally, both immobilizers saw a significant regain 
in efficiency after week 5, which could be the result of an end of the impairing reactions, which 
occurred more predominantly during weeks 3 to 5 (See Figure 25). The next section of the report 
includes a series of conclusions and recommendations to better represent data acquired from 
applying immobilizers into soil samples contaminated with heavy metals. 
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Figure 25: Immobilization Comparison between Immobilizing Agents  
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Conclusions and Recommendations 
 
 
 Based on the results from the sequential extractions conducted on the five different heavy 
metals, treated with either the phosphate-based immobilizer or the clay-based agent, the 
following could be concluded: 
1. Sample A (phosphate-based from oven dried fish bones) was more successful than sample 
B (aluminosilicate-based clay mixes) for immobilizing chromium and zinc. 
2. Sample B was more successful immobilizing cadmium, copper, and lead than sample A. 
3. Both agents had a stronger shielding effect during weeks 1 and 2. 
4. For chromium, copper, lead, and zinc, the shielding effect seemed to be significant again 
after week 5. 
 
For this project, the contaminated soil was treated with 0.5% weight total of the sample 
of soil. Based on the results, the specified amount of immobilizing agent was successful during 
the first two weeks, however, both agents immobilized less significantly afterwards. It is 
worthwhile to conduct additional experiments on the same contaminated soil with a treatment 
amount higher than 0.5% weight total of the sample. 
For many of the results analyzed, the immobilizing factor was significant during week 1 
and 2. Additionally, for all heavy metals except cadmium, week 6 also possessed significant 
immobilization. It can be concluded that both agents are strongest during the first weeks, and in a 
timely manner, chemical reactions occur between the shielding compound and the heavy metal, 
reducing the shielding effect on the metals during weeks 3 to 5. Afterwards, the shielding effect 
regains strength and immobilizes a significant fraction of the heavy metals. Considered that this 
is only a hypothesis and no research was found to back up this scientific speculation, further 
investigation on the mechanisms of the reaction needs to be performed in order to properly 
conclude why the majority of samples saw a decrease in efficiency during weeks 3 to 5, and a 
significant gain in immobilizing efficiencies in week 6. 
To confirm this thesis that both immobilizing agents react with the heavy metals during 
weeks 3 to 5, subsequently reducing its shielding effect, and regain immobilizing strength 
afterwards, additional work needs to be done. Further experiments should emphasis on a longer 
treatment time. Conducting this same experiment during various month would help determine 
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the extent of the shielding effect, thus helping determine how often an actual contaminated soil 
should be re-treated.  
It is important to understand that during the conduction of the experiments, each weekly 
step of the sequential extraction was only performed once. Therefore, every result was taken as 
valid and accurate. However, during the analysis of the results some results in general appeared 
abnormal compared with results from the same series. Further research should repeat each 
weekly procedure at least in triplicates. With more data, outlier results can be identified and error 
bars can be included in the resulting graphs for a more accurate representation of the 
immobilization efficiency of each immobilizing agent. 
Lastly, due to the restriction of time and equipment, the immobilization agents used 
throughout the experiment, as well as the soil sample, were not studied in detail to provide an 
accurate description of each. It is recommended that for sample A, an exact study of the 
composition of the fish bone powder is analyzed, and the total concentration of phosphate per 
mass unit, as well as its chemical composition is determined and reported. For sample B (clay-
based) the accurate description of clays used for the experiment, as well the total concentration 
of aluminosilicate and the overall chemical composition of the agent need to be further 
examined. Finally, physical and chemical characteristics of the soil should be thoroughly 
investigated, to help determine the implementation of the treatment in a real world scenario. 
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Engineering Design Project 
 
 
Soil has been essential to the human populations since the early existence of mankind. 
Today, most of our produce comes from the soil. Soils are the endpoint of these sources of heavy 
metals pollution, which comes from the extended use of fertilizers and pesticides, industrial and 
mining pollution, poor management of wastes, and in emissions. 
Most of the heavy metals are substances present in the environment at low levels, but in 
high concentration, they can dangerous. Heavy metals in high concentrations can cause 
degradation in human health and ecosystem. Carcinogenic diseases, such as kidney and lung 
cancer can result from the indigestion (through crop) and inhalation of heavy metals, 
respectively. As to the ecosystem, a high concentration of heavy metals in the soils results in crop 
reduction and consequently the eradication of plant species.  
The most popular methods to amend high concentrations of heavy metals in soils are: soil 
washing, phytoremediation, and immobilization (or stabilization). Soil washing involves the 
excavation and physical wash of the soil with chemicals. Phytoremediation involves using 
specific vegetation to remove and contain heavy metals. However, both these procedures can be 
costly and time consuming, respectively. Therefore, immobilization can be characterized as both 
low cost and time efficient. 
This design proposal is a theoretical plan for treating the contaminated soils of Hetao, 
China. A region where arsenic and heavy metal poisoning has been detected in the inhabitants. It 
has been concluded that 7 counties were affected with the same issue, and total area affected was 
approximately 6100 km2, and affected around 180,000 people back in 1995 (Sun, 1995). 
 The following subsections focus on the theoretical design for the treatment of the 
contaminated soils of Hetao, and it includes chemical dosing, a comparison between in situ and 
ex situ, the transportation parameter, storage and treatment vessels, mixing mechanisms, energy 
required for the completion of the project, and a cost analysis of this hypothetical operation. 
Chemical Dosing 
 Chemical dosing is the process which the immobilizing agent is added to the soil and 
mixed for a homogeneous result. For this specific parameter of the design, the results from the 
experiments conducted in Shanghai Jiao Tong University need to be taken into consideration. 
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Therefore, the most appropriate immobilizing agent for the treatment of the soils of Hetao, would 
most likely be the aluminosilicate-based mixture of clays, also known as immobilizer B.  
 Considering the fact that only one dosage was analyzed during the experimental work, 
that same dosage would be applied to the soils of Hetao. 
 Therefore, for the chemical dosing has the following parameters: 
• Immobilizer Agent: Aluminosilicate-based clay mix 
• Chemical Dosage: 0.5% weight total 
In further analysis, the total amount of chemical needed to treat the approximately 6100 
km2 of affected soil, can be calculated by determined the total volume; and using the density of 
sandy loam soil, the total mass of soil can be calculated, subsequently helping determine the total 
mass of aluminosilicate-based clay needed. Calculations follow bellow. 
(Equation 8) 𝑉𝑜𝑙𝑢𝑚𝑒  𝑜𝑓  𝐶𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑡𝑒𝑑  𝑆𝑜𝑖𝑙 = 𝑆𝑢𝑟𝑓𝑎𝑐𝑒  𝐴𝑟𝑒𝑎  𝑜𝑓  𝐶𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑡𝑒𝑑  𝑆𝑜𝑖𝑙 ∗ 𝐷𝑒𝑝𝑡ℎ 
 
Assuming a depth of 1.20m, from previously conducted experiments on the stabilization 
of heavy metal contaminated sites, a total volume of 7.32 billion m3 was determined (Wang et 
al., 2001). 𝑉𝑜𝑙𝑢𝑚𝑒  𝑜𝑓  𝐶𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑡𝑒𝑑  𝑆𝑜𝑖𝑙 = 6100  𝑘𝑚! ∗ 1000  𝑚1  𝑘𝑚 ! ∗ 1.20  𝑚 = 7.32 ∗ 10!  𝑚! 
 
Subsequently, using a bulk soil quantity of 1.63 g/cm3, as suggest by the USDA (United 
States Department of Agriculture), both the total masses of soil to be treated and mass of the 
immobilizer needed were calculated. 𝑀𝑎𝑠𝑠 = 𝑉𝑜𝑙𝑢𝑚𝑒 ∗ 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 = 7.32 ∗ 10!  𝑚! ∗ 1.63 𝑔𝑐𝑚! ∗ 100  𝑐𝑚1  𝑚 ! 𝑀𝑎𝑠𝑠 ≈ 1.2 ∗ 10!"  𝑔 = 1.2 ∗ 10!"  𝑚𝑒𝑡𝑟𝑖𝑐  𝑡𝑜𝑛𝑠 𝑀𝑎𝑠𝑠  𝑜𝑓  𝐼𝑚𝑚𝑜𝑏𝑖𝑙𝑖𝑧𝑒𝑟 = 1.2 ∗ 10!"  𝑡𝑜𝑛𝑠 ∗ 0.5100 = 6.0 ∗ 10!𝑚𝑒𝑡𝑟𝑖𝑐  𝑡𝑜𝑛𝑠 
 
To treat the total amount of contaminated soil in the region of Hetao, 60 million metric 
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tons of aluminosilicate-based clay needs to be purchased, in order to successfully treat a total 
area of 6100 km2. Assuming a base price of $500 per metric ton, acquired from China Kaolin 
Co., Ltd., a leading clay company situated in the province of Jiangsu, the total material cost can 
be expected to be 30 billion US dollars. 𝐶𝑜𝑠𝑡  𝑜𝑓  𝐶𝑙𝑎𝑦 = 6.0 ∗ 10!  𝑡𝑜𝑛𝑠 ∗ $5001  𝑡𝑜𝑛 = $  3.0 ∗ 10!" 
 
In Situ vs. Ex Situ 
 
To treat the 6100 km2 of contaminated soils of the Hetao region, engineers need to 
determine if the immobilization technique should be performed in situ or ex situ. As stated in the 
background, ex situ involves removing the soil from its original location for treatment elsewhere. 
This yields additional costs due to excavation and transportation of the contaminated soil. In situ 
immobilization on the other hand does not involve excavation, is simple, fast, inexpensive, 
noninvasive, and produces small amounts of waste (Martin, 2004). 
In situ immobilization is generally favored over ex situ, due to lower costs and energy 
requirements (USEPA, 1992). This favored type of immobilization can be usually carried by two 
different methods: vitrification and solidification/stabilization, also known as passivation. The ex 
situ technique hardly provides uniform mixing of treatment soils, but due to its low cost, low 
labor and energy intensity characteristics, it became the newly esteemed remediation technique 
among heavy metal in situ treatments (USEPA, 1990).  
Therefore, considering the facts about ex situ and in situ treatments, it is highly 
recommended that the contaminated soils of Hetao are treated in situ, due moderately to the high 
volume of soil to be treated. 
 
Transportation 
 
 Transportation is an important parameter for the design part of the project. Considering 
that immobilization of the contaminated soil is being carried out in situ, the major transportation 
items are: 
• Aluminosilicate-based clay 
• Storage vessels 
• Mixing machinery  
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The transportation of the clay would be a one-time operation, assuming that all clay 
would be used, and none would need to be transported back. However, the storage vessels and 
machinery would need to be transported to the site and out of the site, once the project is 
complete. The transportation of the clays would be performed by dump trucks (see Figure 26), 
which through research can transport a maximum of 36 metric tons (Florida Trucking Manual). 
 
Figure 26: Mercedes Dump Truck (Mercedes-Benz Arocs) 
 
Assuming a fleet of 1000 trucks to transport the clay necessary for treatment, and a 
distance from Jiangsu to the region of Hetao of approximately 2,000 km, which based on Google 
Maps®, can take approximately 24 hours, the total volume of clay each truck can transport can 
be calculated. 6.0 ∗ 10!  𝑚𝑒𝑡𝑟𝑖𝑐  𝑡𝑜𝑛𝑠1000  𝑡𝑟𝑢𝑐𝑘𝑠 = 60,000  𝑡𝑜𝑛𝑠/𝑡𝑟𝑢𝑐𝑘 
 
Additionally, based on time of transportation, if each truck can transport 36 metric tons of 
clay to the Hetao site every 2 days, including holidays and weekends, the total time to deliver the 
necessary volume of clay to Hetao can be determined. 60,000 𝑡𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑘36 𝑡𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑘 = 1,667  𝑡𝑟𝑖𝑝𝑠 
 1,667  𝑡𝑟𝑖𝑝𝑠182 𝑡𝑟𝑖𝑝𝑠𝑦𝑒𝑎𝑟 ≈ 9  𝑦𝑒𝑎𝑟𝑠 
Therefore, if all 1000 dump trucks are operating at 100% capacity, it will take 
approximately 9 years to deliver the necessary amount of clay to the Hetao region. The 
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additional transportation of the storage vessels and mixing machinery, considering it would be a 
one-time transportation, can be neglected, and assumed that the purchase price of the machinery 
and vessels includes delivery. 
Assuming that the price for a dump truck in China is similar to the price of the same in 
the United States, an average of 40,000 American Dollars should be expected to be paid for each 
truck, therefore totaling in $40,000,000 just for the transportation trucks. 
 
Storage Vessel 
 
 Storage vessels are used to hold and store treatment chemicals. For the hypothetical 
Hetao Design, the design of storage vessels will depend on the amount of soil that will be treated 
on a daily basis and the amount of treatment chemical being brought to the site everyday. 
Assuming that the project will have a lifetime of 10 years, due to such a high demand to treat 
these contaminated soils, we can calculate how much soil we can treat on a time basis. The 10 
years were obtained from rounding the number of years it will take to deliver all the clay to the 
remediation site. In reality, 10 years for a site that is slightly bigger than the state of Rhode 
Island, is very difficult. However, for this hypothetical design everything is assumed to be 
performing at 100% capacity. 
 6.0 ∗ 10!  𝑚𝑒𝑡𝑟𝑖𝑐  𝑡𝑜𝑛𝑠10  𝑦𝑒𝑎𝑟𝑠 = 6.0 ∗ 10!𝑚𝑒𝑡𝑟𝑖𝑐  𝑡𝑜𝑛𝑠𝑦𝑒𝑎𝑟 ∗ 1  𝑦𝑒𝑎𝑟365  𝑑𝑎𝑦𝑠 = 16,440𝑚𝑒𝑡𝑟𝑖𝑐  𝑡𝑜𝑛𝑠𝑑𝑎𝑦  
 
 Considering that 16,440 metric tons of immobilizing chemical is being used to treat the 
contaminated site every day for a length of 10 years, the storage can be determined by the 
differential between the amounts of chemical used versus the amount brought to the site on a 
daily scale. Therefore, if each trucks delivers 36 tons of clay every two days, we can assume that 
18 tons of clay are delivered every day, totaling in 18,000 tons of clays per day. 
 𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑒𝑑  𝐶ℎ𝑒𝑚𝑖𝑐𝑎𝑙 = 18,000  𝑚𝑒𝑡𝑟𝑖𝑐  𝑡𝑜𝑛𝑠 − 16,440  𝑚𝑒𝑡𝑟𝑖𝑐  𝑡𝑜𝑛𝑠 = 1,560  𝑚𝑒𝑡𝑟𝑖𝑐  𝑡𝑜𝑛𝑠 
 1,560𝑚𝑒𝑡𝑟𝑖𝑐  𝑡𝑜𝑛𝑠𝑑𝑎𝑦 ∗ 365  𝑑𝑎𝑦𝑠 = 570,000  𝑚𝑒𝑡𝑟𝑖𝑐  𝑡𝑜𝑛𝑠  (𝑦𝑒𝑎𝑟𝑙𝑦) 
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 By multiplying the total accumulated clay by the lifetime of the project, 5.7 million 
metric tons of clay will need to be stored in total. Storage can be done in high vertical cylindrical 
storage units, which can be fabricated from metal or concrete, or bulk bags, which can be stored 
in containers. 
  
It is highly recommended that the clay is not stored in tanks, considering the lifetime of 
the project and the time it would take to construct these systems. Instead, the accumulated clay 
should be stored in sacks and placed inside cargo container for protection against rain and 
humidity. However, to further save on costs, sacks can simply be already waterproof, to avoid the 
purchase of cargo containers. Considering storage sacks by MaxSack ™, which can withstand a 
volume of 3.3 cubic meters, calculations show that approximately 5.3 metric tons of clay can be 
stored in each bag, and approximately 1.1 million bags would be needed in total. 
 3.3  𝑚! ∗ 1,600  𝐾𝑔𝑚! ∗ 𝑚𝑒𝑡𝑟𝑖𝑐  𝑡𝑜𝑛1000  𝐾𝑔 = 5.28  𝑚𝑒𝑡𝑟𝑖𝑐  𝑡𝑜𝑛𝑠    5,700,000  𝑚𝑒𝑡𝑟𝑖𝑐  𝑡𝑜𝑛𝑠  𝑜𝑓  𝐶𝑙𝑎𝑦5.28  𝑚𝑒𝑡𝑟𝑖𝑐  𝑡𝑜𝑛𝑠  𝑜𝑓  𝑐𝑙𝑎𝑦  𝑝𝑒𝑟  𝑏𝑎𝑔 = 1,080,000  𝑏𝑎𝑔𝑠 
 
Bags similar to those produced by MaxSack™ can sell for an average of $20 per bag if 
purchased in bulk. Therefore, the storage of the clay will result in a total cost of $21,600,000. 
 
Figure 27: (LEFT) Bulk Storage Tank Systems. (RIGHT) Bulk 
Sak, baffle- style bag (Powder Bulk Solids) 
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1,080,000  𝑏𝑎𝑔𝑠 ∗ $20𝑏𝑎𝑔 = $21,600,000 
 
Mixing 
 
 Mixing is one of the critical steps during the design on an in situ chemical passivation 
treatment. Prior to the mixing the in situ process requires injection of the immobilizer into the 
soil. The typical steps for in situ immobilization treatments are (Cullinane et al., 1986): 
1. Addition of reagent, in this case clay, using mechanical or pneumatic 
applications. 
2. Mixing with backhoe, excavator, or auger mixer until stabilization begins 
3. Settling for 24-48 hours. 
The addition of the immobilizer, in this case the clay, in order to follow the similar 
procedure patterns of the work done in the laboratory, needs to be carried out in an aqueous 
manner. Therefore, water needs to be added to the mixture of the immobilizing clay and soil. 
This mixture can be done either by ejecting water already mixed with the reagent, or by simply 
adding the reagent on top of soil surface and adding water continuously to homogeneously mix 
the both and ease the mechanical operations. Assuming that water is within immediate access, 
given the fact that the Hetao area is predominantly agricultural, costs for the water necessary can 
be considered negligible. 
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Figure 28: Binding agents and soil are mixed with an auger (USEPA, 2012) 
 
The mixing of the reagent with the soil can be completed by a backhoe, an excavator, or 
an auger mixer. In order to obtain the best homogenous results the single auger mixer is highly 
recommend. However, due to the large volume of soil that needs to be treated and a given project 
lifetime of 10 years, a backhoe seems more appropriate for this project. Next, the number of 
backhoes needed for the project can be determined by their maximum capabilities. Assuming that 
a Caterpillar® 450F Backhoe has the capability to mix 1.34 cubic meter of soil every 30 seconds, 
the calculations follow to determine the number of backhoes necessary to complete the project 
within 10 years. 1.34  𝑚!30sec ∗ 86,400  𝑠𝑒𝑐1  𝑑𝑎𝑦 ∗ 365  𝑑𝑎𝑦𝑠1𝑦𝑒𝑎𝑟 = 6.0 ∗ 10! 𝑚!𝑦𝑒𝑎𝑟 10  𝑦𝑒𝑎𝑟𝑠 ∗ 6.0 ∗ 10! 𝑚!𝑦𝑒𝑎𝑟 = 6.0 ∗ 10!  𝑚! 𝑁𝑢𝑚𝑏𝑒𝑟  𝑜𝑓  𝐵𝑎𝑐𝑘ℎ𝑜𝑒𝑠 = 7.32 ∗ 10!  𝑚!6.0 ∗ 10!  𝑚! = 1,220 
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Figure 29: Caterpillar ® Backhoe (CAT Products Inc.) 
 
Therefore, assuming that each Caterpillar® backhoe performs at 100% capability and 
non-stop for 10 year, 1220 backhoes will be needed to complete the project. Given that the price 
for a brand new backhoe is in the vicinity of 50,000 American dollars, the total capital for the 
mixing process will be $61,000,000. 
 
Energy Requirements 
 
Energy is required to put the project into motion. The Hetao hypothetical site remediation 
design, will obtain its energy from two sources: electricity and fossil fuel. However, considering 
that the site is in a remote area, mobile diesel generators will supply the electricity, and the 
electricity will serve light posts for operations at night and it will provide electricity for 
miscellaneous utilities. Hence, for the design portion of this project, the fuel requirements for the 
diesel generators will be considered negligible. Therefore, the total fuel required for the 
completion of the project can be calculated, by analyzing the fuel required for each of the 
following: 
• 1000 Dump Trucks 
• 1220 Backhoes 
Given that the dump trucks consume one gallon of diesel fuel for every 18 kilometers, 
which was a value obtained from Mercedes-Benz Arocs, and the total distance from the site to 
the clay manufacturer is approximately 2,000 kilometers, the total fuel needed can be calculated. 
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𝐹𝑢𝑒𝑙 = 1  𝑔𝑎𝑙18  𝑘𝑚 ∗ 2,000  𝑘𝑚1  𝑡𝑟𝑢𝑐𝑘 ∗ 𝑑𝑎𝑦 ∗ 365  𝑑𝑎𝑦𝑠1𝑦𝑒𝑎𝑟 ∗ 1000  𝑡𝑟𝑢𝑐𝑘𝑠 ∗ 9  𝑦𝑒𝑎𝑟𝑠 = 3.7 ∗ 10!𝑔𝑎𝑙 
 
Based on the calculations of fuel consumption for the lifetime of the project, 370 million 
gallons will be utilized just for the transportation of the chemical amendment.  
Next, the fuel consumption of the backhoe, obtained from Caterpillar ®, of 6 gallons per 
hour, yielded a total fuel consumption of 640 million gallons for the entire lifetime of the project. 
 𝐹𝑢𝑒𝑙 = 6  𝑔𝑎𝑙ℎ𝑜𝑢𝑟 ∗ 24  ℎ𝑜𝑢𝑟𝑠1𝑑𝑎𝑦 ∗ 365  𝑑𝑎𝑦𝑠1  𝑦𝑒𝑎𝑟 ∗ 10  𝑦𝑒𝑎𝑟𝑠 ∗ 1220  𝑏𝑎𝑐𝑘ℎ𝑜𝑒𝑠 = 6.4 ∗ 10!𝑔𝑎𝑙 
 
 Totaling the results, the project will need nearly 1 billion gallons of diesel fuel. Assuming 
the current price of diesel fuel in China today of $1.3 per liter, and neglecting price changes over 
the next 10 years, the total cost for the energy requirements of the project is 5 billion US Dollars. 10.1 ∗ 10!𝑔𝑎𝑙 ∗ 3.785  𝐿1  𝑔𝑎𝑙 ∗ $1.31  𝐿 = $5.0 ∗ 10! 
 
Cost Analysis 
 
This section will determine the total cost for the completion of the project based on the 
costs of: 
• Chemical 
• Transportation 
• Storage 
• Mixing 
• Fuel 
 
Based on the immobilization costs study done by EPA in 1986, where we can assume that 
the miscellaneous equipment rental contributes to a 4% of total cost and labor to 23%. Using this 
information, Table 4 was created, which specifies the cost for each parameter of the project, 
based on previous calculations and assumptions from the EPA database. 
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Table 4: Summary of Relative Cost for the Hetao Project 
Parameter   Cost ($)   Percentage  
 Chemical   30,000,000,000.00  62.47% 
 Transportation   40,000,000.00  0.08% 
 Storage   21,600,000.00  0.04% 
 Mixing   61,000,000.00  0.13% 
 Fuel   5,000,000,000.00  10.41% 
 Equipment Rental   1,900,000,000.00  3.96% 
 Labor Cost   11,000,000,000.00  22.91% 
 Total   48,022,600,000.00  100% 
 𝐶𝑜𝑠𝑡  𝑝𝑒𝑟  𝑚! = $48,022,600,0007.32 ∗ 10!  𝑚! = $6.56 
 
The total price for the project is estimated to be around 48 Billion US Dollars. When 
calculating the price per cubic meter of the project, $6.56 was obtained. Comparing this value 
against the cost of per cubic meter of projects completed in the past for in-situ, the price per 
cubic meter reduces by approximately 30% due to the size on the site. Therefore, our value 
stands within reason, due to the size of the site, which is slightly bigger than the state of Rhode 
Island. 
 
Table 5: Cost of Different Size/Treatment Scenario (EPA, 1986) 
 
 
 
 
 
 
 
 
 
  
  
  
Ex-Situ In-Situ 
Small Site Large Site Small Site Big Site 
Cost per m3 $232 $157 $34.8 $23.6 
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Appendix 
 
Table 6: Atomic Absorption Results for Cadmium 
Sample 
# Sample 
Sequential 
Step 
Treatment 
Time 
(weeks) 
Abs. Conc. (mg/L) 
12 A Exchangeable 1 0.006 0.019 
18 A Reducible 1 0.002 0.008 
16 A Oxidisable 1 0.000 0.001 
61 A Residual 1 0.012 0.038 
2 A Exchangeable 2 0.004 0.014 
5 A Reducible 2 -0.001 0.000 
8 A Oxidisable 2 -0.003 0.000 
60 A Residual 2 0.017 0.051 
15 A Exchangeable 3 0.003 0.010 
17 A Reducible 3 0.004 0.014 
19 A Oxidisable 3 0.000 0.003 
52 A Residual 3 0.019 0.056 
31 A Exchangeable 4 0.003 0.010 
34 A Reducible 4 0.006 0.020 
35 A Oxidisable 4 0.001 0.006 
58 A Residual 4 0.022 0.067 
38 A Exchangeable 5 0.003 0.010 
40 A Reducible 5 0.007 0.021 
42 A Oxidisable 5 0.000 0.003 
57 A Residual 5 0.023 0.068 
44 A Exchangeable 6 0.003 0.011 
45 A Reducible 6 0.005 0.017 
47 A Oxidisable 6 0.000 0.003 
59 A Residual 6 0.021 0.062 
11 B Exchangeable 1 0.005 0.015 
14 B Reducible 1 0.001 0.006 
21 B Oxidisable 1 0.000 0.003 
50 B Residual 1 0.008 0.025 
3 B Exchangeable 2 0.003 0.011 
6 B Reducible 2 -0.001 0.000 
9 B Oxidisable 2 -0.001 0.000 
51 B Residual 2 0.009 0.029 
10 B Exchangeable 3 0.002 0.008 
13 B Reducible 3 0.004 0.014 
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20 B Oxidisable 3 0.000 0.003 
56 B Residual 3 0.023 0.069 
32 B Exchangeable 4 0.003 0.010 
33 B Reducible 4 0.005 0.016 
36 B Oxidisable 4 0.001 0.005 
54 B Residual 4 0.017 0.051 
37 B Exchangeable 5 0.003 0.010 
39 B Reducible 5 0.007 0.021 
41 B Oxidisable 5 0.001 0.004 
53 B Residual 5 0.020 0.061 
43 B Exchangeable 6 0.003 0.011 
46 B Reducible 6 0.005 0.016 
48 B Oxidisable 6 0.001 0.003 
49 B Residual 6 0.015 0.044 
23 Blank Exchangeable 0 0.007 0.021 
22 Blank Reducible 0 0.002 0.007 
24 Blank Oxidisable 0 0.002 0.009 
55 Blank Residual 0 0.020 0.061 
 
 
Table 7: Atomic Absorption Results for Chromium 
Sample 
# Sample 
Sequential 
Step 
Treatment 
Time 
(weeks) 
Abs. Conc. (mg/L) 
12 A Exchangeable 1 0.004 0.023 
18 A Reducible 1 0.000 0.001 
16 A Oxidisable 1 0.002 0.014 
61 A Residual 1 0.068 0.527 
2 A Exchangeable 2 0.003 0.019 
5 A Reducible 2 0.001 0.006 
8 A Oxidisable 2 0.003 0.016 
60 A Residual 2 0.070 0.545 
15 A Exchangeable 3 0.001 0.005 
17 A Reducible 3 0.001 0.002 
19 A Oxidisable 3 0.007 0.051 
52 A Residual 3 0.077 0.595 
31 A Exchangeable 4 0.001 0.003 
34 A Reducible 4 0.001 0.001 
35 A Oxidisable 4 0.002 0.008 
58 A Residual 4 0.094 0.728 
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38 A Exchangeable 5 0.001 0.003 
40 A Reducible 5 0.001 0.002 
42 A Oxidisable 5 0.003 0.016 
57 A Residual 5 0.126 0.983 
44 A Exchangeable 6 0.001 0.005 
45 A Reducible 6 0.001 0.002 
47 A Oxidisable 6 0.003 0.017 
59 A Residual 6 0.068 0.524 
11 B Exchangeable 1 0.003 0.022 
14 B Reducible 1 0.001 0.000 
21 B Oxidisable 1 0.003 0.019 
50 B Residual 1 0.047 0.360 
3 B Exchangeable 2 0.003 0.019 
6 B Reducible 2 0.001 0.006 
9 B Oxidisable 2 0.003 0.021 
51 B Residual 2 0.052 0.403 
10 B Exchangeable 3 0.001 0.005 
13 B Reducible 3 0.001 0.004 
20 B Oxidisable 3 0.022 0.169 
56 B Residual 3 0.156 1.213 
32 B Exchangeable 4 0.001 0.005 
33 B Reducible 4 0.001 0.001 
36 B Oxidisable 4 0.002 0.011 
54 B Residual 4 0.108 0.843 
37 B Exchangeable 5 0.001 0.000 
39 B Reducible 5 0.001 0.002 
41 B Oxidisable 5 0.004 0.026 
53 B Residual 5 0.115 0.895 
43 B Exchangeable 6 0.001 0.006 
46 B Reducible 6 0.001 0.000 
48 B Oxidisable 6 0.002 0.014 
49 B Residual 6 0.081 0.630 
23 Blank Exchangeable 0 0.003 0.018 
22 Blank Reducible 0 0.002 0.008 
24 Blank Oxidisable 0 0.004 0.029 
55 Blank Residual 0 0.131 1.023 
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Table 8: Atomic Absorption Results for Copper 
Sample 
# Sample 
Sequential 
Step 
Treatment 
Time 
(weeks) 
Abs. Conc. (mg/L) 
12 A Exchangeable 1 0.004 0.033 
18 A Reducible 1 0.007 0.051 
16 A Oxidisable 1 0.002 0.014 
61 A Residual 1 0.100 0.719 
2 A Exchangeable 2 0.004 0.028 
5 A Reducible 2 0.005 0.038 
8 A Oxidisable 2 0.004 0.031 
60 A Residual 2 0.136 0.976 
15 A Exchangeable 3 0.002 0.016 
17 A Reducible 3 0.009 0.062 
19 A Oxidisable 3 0.003 0.025 
52 A Residual 3 0.152 1.087 
31 A Exchangeable 4 0.002 0.016 
34 A Reducible 4 0.008 0.060 
35 A Oxidisable 4 0.004 0.030 
58 A Residual 4 0.209 1.496 
38 A Exchangeable 5 0.002 0.017 
40 A Reducible 5 0.008 0.058 
42 A Oxidisable 5 0.003 0.025 
57 A Residual 5 0.166 1.190 
44 A Exchangeable 6 0.001 0.011 
45 A Reducible 6 0.009 0.064 
47 A Oxidisable 6 0.002 0.016 
59 A Residual 6 0.124 0.868 
11 B Exchangeable 1 0.005 0.039 
14 B Reducible 1 0.008 0.056 
21 B Oxidisable 1 0.002 0.014 
50 B Residual 1 0.056 0.402 
3 B Exchangeable 2 0.004 0.031 
6 B Reducible 2 0.006 0.041 
9 B Oxidisable 2 0.003 0.025 
51 B Residual 2 0.062 0.445 
10 B Exchangeable 3 0.002 0.015 
13 B Reducible 3 0.007 0.053 
20 B Oxidisable 3 0.003 0.020 
56 B Residual 3 0.152 1.085 
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32 B Exchangeable 4 0.002 0.013 
33 B Reducible 4 0.007 0.050 
36 B Oxidisable 4 0.002 0.014 
54 B Residual 4 0.161 1.152 
37 B Exchangeable 5 0.003 0.020 
39 B Reducible 5 0.007 0.053 
41 B Oxidisable 5 0.004 0.033 
53 B Residual 5 0.139 0.996 
43 B Exchangeable 6 0.001 0.011 
46 B Reducible 6 0.009 0.064 
48 B Oxidisable 6 0.003 0.023 
49 B Residual 6 0.091 0.654 
23 Blank Exchangeable 0 0.005 0.039 
22 Blank Reducible 0 0.011 0.081 
24 Blank Oxidisable 0 0.003 0.025 
55 Blank Residual 0 0.164 1.177 
 
 
 
Table 9: Atomic Absorption Results for Lead 
Sample 
# Sample 
Sequential 
Step 
Treatment 
Time 
(weeks) 
Abs. Conc. (mg/L) 
12 A Exchangeable 1 0.003 0.079 
18 A Reducible 1 0.007 0.159 
16 A Oxidisable 1 0.000 0.000 
61 A Residual 1 0.054 1.145 
2 A Exchangeable 2 0.004 0.097 
5 A Reducible 2 0.004 0.092 
8 A Oxidisable 2 0.000 0.000 
60 A Residual 2 0.054 1.144 
15 A Exchangeable 3 0.005 0.114 
17 A Reducible 3 0.011 0.237 
19 A Oxidisable 3 0.003 0.025 
52 A Residual 3 0.152 1.087 
31 A Exchangeable 4 0.005 0.116 
34 A Reducible 4 0.009 0.191 
35 A Oxidisable 4 0.002 0.047 
58 A Residual 4 0.096 2.018 
38 A Exchangeable 5 0.005 0.126 
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40 A Reducible 5 0.010 0.214 
42 A Oxidisable 5 0.003 0.068 
57 A Residual 5 0.074 1.557 
44 A Exchangeable 6 0.006 0.130 
45 A Reducible 6 0.010 0.229 
47 A Oxidisable 6 0.002 0.045 
59 A Residual 6 0.060 1.255 
11 B Exchangeable 1 0.003 0.074 
14 B Reducible 1 0.005 0.117 
21 B Oxidisable 1 0.000 0.002 
50 B Residual 1 0.028 0.591 
3 B Exchangeable 2 0.004 0.089 
6 B Reducible 2 0.004 0.090 
9 B Oxidisable 2 0.000 0.000 
51 B Residual 2 0.031 0.657 
10 B Exchangeable 3 0.001 0.029 
13 B Reducible 3 0.008 0.169 
20 B Oxidisable 3 0.000 0.010 
56 B Residual 3 0.063 1.321 
32 B Exchangeable 4 0.005 0.121 
33 B Reducible 4 0.008 0.185 
36 B Oxidisable 4 0.002 0.043 
54 B Residual 4 0.067 1.406 
37 B Exchangeable 5 0.005 0.125 
39 B Reducible 5 0.014 0.296 
41 B Oxidisable 5 0.002 0.054 
53 B Residual 5 0.061 1.281 
43 B Exchangeable 6 0.005 0.119 
46 B Reducible 6 0.010 0.229 
48 B Oxidisable 6 0.001 0.043 
49 B Residual 6 0.052 1.091 
23 Blank Exchangeable 0 0.009 0.190 
22 Blank Reducible 0 0.010 0.215 
24 Blank Oxidisable 0 0.002 0.045 
55 Blank Residual 0 0.060 1.268 
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Table 10: Atomic Absorption Results for Zinc 
Sample 
# Sample 
Sequential 
Step 
Treatment 
Time 
(weeks) 
Abs. Conc. (mg/L) 
12 A Exchangeable 1 0.032 0.068 
18 A Reducible 1 0.036 0.076 
16 A Oxidisable 1 0.010 0.017 
61 A Residual 1 1.099 2.561 
2 A Exchangeable 2 0.026 0.053 
5 A Reducible 2 0.041 0.088 
8 A Oxidisable 2 0.046 0.101 
60 A Residual 2 1.023 2.381 
15 A Exchangeable 3 0.015 0.028 
17 A Reducible 3 0.050 0.109 
19 A Oxidisable 3 0.006 0.006 
52 A Residual 3 0.900 2.095 
31 A Exchangeable 4 0.002 0.000 
34 A Reducible 4 0.030 0.062 
35 A Oxidisable 4 0.012 0.021 
58 A Residual 4 1.118 2.603 
38 A Exchangeable 5 0.003 0.000 
40 A Reducible 5 0.236 0.544 
42 A Oxidisable 5 0.020 0.040 
57 A Residual 5 1.075 2.504 
44 A Exchangeable 6 0.005 0.003 
45 A Reducible 6 0.039 0.084 
47 A Oxidisable 6 0.009 0.013 
59 A Residual 6 1.023 2.381 
11 B Exchangeable 1 0.069 0.154 
14 B Reducible 1 0.043 0.094 
21 B Oxidisable 1 0.007 0.010 
50 B Residual 1 0.818 1.904 
3 B Exchangeable 2 0.022 0.044 
6 B Reducible 2 0.038 0.082 
9 B Oxidisable 2 0.044 0.096 
51 B Residual 2 0.882 2.053 
10 B Exchangeable 3 0.000 0.000 
13 B Reducible 3 0.033 0.071 
20 B Oxidisable 3 0.007 0.010 
56 B Residual 3 1.077 2.509 
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32 B Exchangeable 4 0.003 0.000 
33 B Reducible 4 0.023 0.047 
36 B Oxidisable 4 0.014 0.026 
54 B Residual 4 1.055 2.458 
37 B Exchangeable 5 0.001 0.000 
39 B Reducible 5 0.069 1.537 
41 B Oxidisable 5 0.030 0.063 
53 B Residual 5 1.019 2.374 
43 B Exchangeable 6 0.002 0.000 
46 B Reducible 6 0.028 0.058 
48 B Oxidisable 6 0.016 0.031 
49 B Residual 6 0.905 2.106 
23 Blank Exchangeable 0 0.020 0.039 
22 Blank Reducible 0 0.072 0.160 
24 Blank Oxidisable 0 0.050 0.110 
55 Blank Residual 0 1.126 2.624 
 
 
Example of Immobilization Calculations: 
  
 𝐸 % = (𝑀! −𝑀!)/𝑀! ∗ 100 𝐸 % = 1 − 𝐸𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑎𝑏𝑙𝑒 + 𝑅𝑒𝑑𝑢𝑐𝑖𝑏𝑙𝑒 + 𝑂𝑥𝑖𝑑𝑖𝑠𝑎𝑏𝑙𝑒 + 𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙𝑃𝑠𝑒𝑢𝑑𝑜𝑡𝑜𝑡𝑎𝑙 ∗ 100 
 
 For Sample A-1 (Cadmium): 𝐸 % = 1− 0.0660.098 ∗ 100 = 0.33 = 33% 
 
 
 
Table 11: Immobilization Fractions for Cadmium 
 
Treatment 
Time 
(weeks) 
Conc. 
(mg/L) 
(%) 
Reduce/Immobilized 
Sample 
A 
1 0.066 33% 
2 0.065 34% 
3 0.083 15% 
4 0.103 -5% 
5 0.102 -4% 
6 0.093 5% 
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Sample 
B 
1 0.049 50% 
2 0.040 59% 
3 0.094 4% 
4 0.082 16% 
5 0.096 2% 
6 0.074 24% 
Blank 
- 0.098 - 
- 0.098 - 
- 0.098 - 
- 0.098 - 
- 0.098 - 
- 0.098 - 
 
 
Table 12: Immobilization Fractions for Chromium 
 
Treatment 
Time 
(weeks) 
Conc. 
(mg/L) 
(%) 
Reduce/Immobilized 
Sample 
A 
1 0.565 48% 
2 0.586 46% 
3 0.653 39% 
4 0.740 31% 
5 1.004 7% 
6 0.548 49% 
Sample 
B 
1 0.401 63% 
2 0.449 58% 
3 1.391 -29% 
4 0.860 20% 
5 0.923 14% 
6 0.650 40% 
Blank 
- 1.078 - 
- 1.078 - 
- 1.078 - 
- 1.078 - 
- 1.078 - 
- 1.078 - 
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Table 13: Immobilization Fractions for Copper 
  
Treatment 
Time 
(weeks) 
Conc. 
(mg/L) 
(%) 
Reduce/Immobilized 
Sample 
A 
1 0.817 38% 
2 1.073 19% 
3 1.190 10% 
4 1.602 -21% 
5 1.290 2% 
6 0.959 27% 
Sample 
B 
1 0.511 61% 
2 0.542 59% 
3 1.173 11% 
4 1.229 7% 
5 1.102 17% 
6 0.752 43% 
Blank 
- 1.322 - 
- 1.322 - 
- 1.322 - 
- 1.322 - 
- 1.322 - 
- 1.322 - 
 
 
Table 14: Immobilization Fractions for Lead 
  
Treatment 
Time 
(weeks) 
Conc. 
(mg/L) 
(%) 
Reduce/Immobilized 
Sample 
A 
1 1.383 19% 
2 1.333 22% 
3 1.463 15% 
4 2.372 -38% 
5 1.965 -14% 
6 1.659 3% 
Sample 
B 
1 0.784 54% 
2 0.836 51% 
3 1.529 11% 
4 1.755 -2% 
5 1.756 -2% 
6 1.482 14% 
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Blank 
- 1.718 - 
- 1.718 - 
- 1.718 - 
- 1.718 - 
- 1.718 - 
- 1.718 - 
 
 
Table 15: Immobilization Fractions for Zinc 
  
Treatment 
Time 
(weeks) 
Conc. 
(mg/L) 
(%) 
Reduce/Immobilized 
Sample 
A 
1 2.722 7% 
2 2.623 11% 
3 2.238 24% 
4 2.686 8% 
5 3.088 -5% 
6 2.481 15% 
Sample 
B 
1 2.162 26% 
2 2.275 22% 
3 2.590 12% 
4 2.531 14% 
5 3.974 -35% 
6 2.195 25% 
Blank 
- 2.933   
- 2.933   
- 2.933   
- 2.933   
- 2.933   
- 2.933   
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Figure 30: Immobilization Comparison for Immobilizer A 
 
 
 
Figure 31: Immobilization Comparison for Immobilizer B 
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Table 16: Total Concentration of Heavy Metals in Samples A 
	  	  
Immobilizer A 
Cd Cr Cu Pb Zn Total 
Blank 0.098 1.078 1.322 1.718 2.933 7.149 
Week 1 0.066 0.565 0.817 1.383 2.722 5.553 
Week 2 0.065 0.586 1.073 1.333 2.623 5.680 
Week 3 0.083 0.653 1.190 1.463 2.238 5.627 
Week 4 0.103 0.740 1.602 2.372 2.686 7.503 
Week 5 0.102 1.004 1.290 1.965 3.088 7.449 
Week 6 0.093 0.548 0.959 1.659 2.481 5.740 
 
 
Table 17: Total Concentration of Heavy Metals in Samples B 
	  	  
Immobilizer B 
Cd Cr Cu Pb Zn Total 
Blank 0.098 1.078 1.322 1.718 2.933 7.149 
Week 1 0.049 0.401 0.511 0.784 2.162 3.907 
Week 2 0.040 0.449 0.542 0.836 2.275 4.142 
Week 3 0.094 1.391 1.173 1.529 2.590 6.777 
Week 4 0.082 0.860 1.229 1.755 2.531 6.457 
Week 5 0.096 0.923 1.102 1.756 3.974 7.851 
Week 6 0.074 0.650 0.752 1.482 2.195 5.153 
 
 
 
 
 
Table 18: Considerations for Site Treatment (Stegemann, 2009) 
CONSIDERATION  COMMENTS  
Regulatory approval.  
Before carrying out any treatment on site (including site 
trials) the relevant regulatory approval should be 
sought.  
Site trial programme and method 
statement.  
Development of a programme and method statement in 
advance of the site trial will enable interested parties 
such as the designer, regulator and client to comment 
on the proposal and be present at the trial.  
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Health and safety considerations.  
Health and safety issues should be considered during 
the planning stage of the site trial and risks managed 
where identified. Risk assessments for site trial 
activities will be required and should include input 
from the designer of the S/S system.  
Sampling and testing strategies.  
Proposals should be included in the method statement 
and agreed with the regulator prior to commencement 
of the site trial. Details should include who will carry 
out the testing, what observations and tests are required 
and the frequency of testing.  
Quantity of material to be treated 
during the site trial.  
This will depend on the size of the site, the overall 
quantity to be treated, the variability of material and the 
type of process being used.  
Mobilisation of full-scale plant to 
site.  
Valuable information can be obtained during the site 
trial in assessing the performance of the full-scale plant 
with the mix design and site-specific materials and 
conditions. Programming of the site trial with other 
works may help to minimise the cost of mobilisation.  
Area to be treated by site trial.  
Consider variations in contaminant and physical 
conditions across the site, access requirements, and 
bearing capacity requirements of plant on untreated 
material.  
Action to be taken if treated 
material does not meet the 
compliance criteria.  
Consider options for re-treatment or excavation.  
 
